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ABSTRACT 

The current  i n t e r e s t  i n  the vacuum u l t r a v i o l e t  rad ia t ion  emitted 

by the  sun, the  aurora and other sources has shown t h e  need for devel- 

opment of techniques f o r  measuring r ad ia t ion  i n t e n s i t i e s  and f o r  lab- 

oratory measurements of band i n t e n s i t i e s  of  molecular band systems i n  

t h i s  spec t r a l  region. The present work i s  d i rec ted  towards t h i s  end. 

Studies  of t he  Lyman-Birge-Hopfield system of N 2  and the  Fourth 

Pos i t ive  system of CO, excited i n  laboratory discharges,  a r e  made 

and a number of  new bands reported. 

spectrograph t o  permit photoelectr ic  recording are described and a 

number of methods of ca l ib ra t ing  the  instrument a r e  invest igated.  

Using a combination of techniques t h e  spec t r a l  s e n s i t i v i t y  of t he  

instrument i s  determined over the region 1000 t o  3000 A .  

Modifications t o  the  vacuum 

This instrument i s  used t o  measure the  r e l a t i v e  i n t e n s i t i e s  of 

bands of t h e  Lyman-Birge-Hopfield system. 

e lec t ronic  t r a n s i t i o n  moment i s  constant over t he  band system. 

band s t rengths  a r e  thus d i r e c t l y  proportional t o  t h e  calculated 

Franck-Condon f a c t o r s  for the system. 

The r e s u l t s  show t h a t  t h e  

The 
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CHAPTER I 

IN TROD UC TION 

1.1 His to r i ca l  Review 

Invest igat ions of the  region of t he  spectrum below 2000 Angstroms 

began near ly  a century ago, l a rge ly  a s  a r e s u l t  of t he  contr ibut ions 

of V ic to r  Schumann i n  t h e  course of  h i s  researches from 1885 t o  1903. 

F i r s t  r ea l i z ing  t h a t  quartz ceased t o  t ransmit  below about 2000 Ang- 

stoms, he began using f l u o r i t e  f o r  prisms and l enses  and thus was 

ab le  t o  record spectra  down t o  1820 A .  

ge la t ine  normally used i n  photographic emulsions st rongly absorbed 

u l t r a v i o l e t  rad ia t ion ,  and developed the  Schumann p l a t e  containing 

almost no ge la t ine  and sens i t ive  a l l  t he  way through the  extreme 

u l t r a v i o l e t .  

very recent ly  t h a t  they have been improved upon. 

He soon discovered t h a t  t h e  

These were of such a high qua l i ty  t h a t  it i s  only 

Schumann recognized also t h a t  a i r  appeared t o  become opaque below 

With about 1850 A and thus constructed the  f i r s t  vacuum spectrograph. 

t h i s  spectrograph he was able t o  photograph the  spectrum from a hydrogen 

discharge tube down t o  1267 A .  

t he  region of the  u l t r av io l e t  spectrum below 2000 Angstroms has since 

become known a s  the  vacuum u l t r av io l e t .  

It i s  due t o  the  opaci ty  of  a i r  t h a t  

1 
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Lyman (1928), another pioneer i n  the  f i e l d  of u l t r a v i o l e t  

spectroscopy, began h i s  researches i n  t h e  extreme u l t r a v i o l e t  about 

the  end of Schumannts period of productivity.  

value o f  concave gra t ings  ( f i r s t  b u i l t  by Rowland i n  1882) and used 

one t o  build the  f i r s t  vacuum gra t ing  spectrograph i n  1904. With 

t h i s  spectrograph he discovered i n  1914 the  hydrogen s e r i e s  which 

now bears h i s  name and provided confirmation of t he  Bohr theory of 

the  a tom,  enunciated one year  before. Continuing h i s  work with 

helium, Lyman discovered the  p r inc ipa l  s e r i e s  o f  He1 converging 

t o  a se r i e s  limit a t  504 A .  

He recognized t h e  

This lower l i m i t  w a s  extended through the  use of a vacuum spark 

as a l i g h t  source thus exc i t i ng  ma te r i a l s  t o  high degrees of ioniza- 

t i o n ,  and spec t r a l  l i n e s  were observed t o  below 200 A .  

between t h i s  and X-ray wavelengths w a s  invest igated by Osgood (1927) 

who b u i l t  t he  f i r s t  grazing incidence concave g ra t ing  spectrograph 

and photographed atomic l ines  down t o  44 A .  

The region 

During the  next two decades considerable d e f i n i t i v e  work w a s  done 

i n  t h e  study of l i n e  spectra and molecular spectra both i n  emission 

and absorption. Various continuous sources were developed by means 

of which much quant i ta t ive  absorption spectroscopy was begun. 

t i g a t i o n  of op t i ca l  propert ies  of s o l i d s  i n  t h e  vacuum u l t r a v i o l e t  

was  i n i t i a t e d  as w e l l  as photoelectr ic  and photoionization effects.  

Inves- 

Excellent reviews of t h i s  period of t he  beginning and t h e  develop- 

ment of vacuum u l t r a v i o l e t  spectroscopy are  given by Boyce (19411, 

Pr ice  (1951) and Tousey (1961, 1962). 
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A strong h i n t  of  t he  scope of  u l t r a v i o l e t  spectroscopy and the  

impact i t  was t o  have upon other f i e l d s  such a s  astronomy, as t rophysics  

and plasma physics was  given by the  work of Edl6n (1942), who showed 

t h a t  t he  corona of  t he  sun i s  a t  a temperature of  the order of one 

mi l l ion  degrees. 

coronal emission l i n e  which Edlkn showed was produced from Fe XIV. 

A temperature of  t h e  above magnitude i s  required t o  produce atoms 

i n  such a high degree of  ionizat ion.  

This evidence was obtained by i d e n t i f i c a t i o n  of a 

This ra i sed  questions concerning the  nature  of  the  mechanism 

producing such a high temperature, the  u l t r a v i o l e t  spectrum of t he  

sun, and the  photochemical processes going on in planetary atmospheres 

under the  inf luence o f  such radiat ion.  

became ac t ive ly  engaged i n  s tudies  of t he  extreme u l t r a v i o l e t  

spectrum of the  sun i n  1946 when a number of captured V-2 rockets  

became ava i lab le  f o r  s c i e n t i f i c  research. 

A l a r g e  number of  workers 

The f i rs t  u l t r a v i o l e t  spectrum obtained from a rocket borne 

spectrograph was reported by Barn e t  a1 (1946). 

s t ead i ly  improving instrumentation and techniques have permitted t h e  

recording of t he  sunrs spectrum with high reso lu t ion  both photographically 

and photoe lec t r ica l ly  down t o  below 200 A .  

mation obtained i s  reviewed by Tousey (1962), one of the  foremost 

workers i n  the  f i e l d .  

In t h e  ensuing years  

The vas t  amount o f  in for -  

Research programs involving s tud ie s  of t he  so l a r  u l t r a v i o l e t  

spectrum have provided a great stimulus t o  vacuum u l t r a v i o l e t  spectro- 

scopy i n  general. F i r s t l y ,  the  g rea t  improvements i n  instrumentation 
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and vacuum techniques have made experiment much simpler and secondly 

the  information obtained as  w e l l  as the  technological advances i n  

rocketry has aroused i n t e r e s t  i n  a number of associated f i e l d s ,  a l l  

of which requi re  g rea t e r  knowledge of t h e  extreme u l t r a v i o l e t  region 

of t he  spectrum. Some of these f i e l d s  include physics o f  t he  aurora 

and airglow, s tud ies  of o ther  planetary atmospheres, s tud ie s  o f  high- 

temperature plasmas, and so l id  s t a t e  phenomena. 

1 .2  Molecular Band I n t e n s i t i e s  

While much o f  t he  above review has d e a l t  s p e c i f i c a l l y  with atomic 

spectra ,  considerable new da ta  on molecular spec t ra  have been obtained, 

especially s ince 1950. 

t he  use of higher d i f f r a c t i o n  orders it has been possible  t o  resolve 

ro t a t iona l  s t ruc tu re  o f  diatomic molecular bands; a l a r g e  number of 

monochromators employing photoelectr ic  de t ec t ion  have been b u i l t  and 

have contributed g rea t ly  t o  i n t e n s i t y  s tud ie s  of molecular spectra.  

With the  building of l a r g e r  spectrographs and 

To date  these i n t e n s i t y  measurements have been a result of absorp- 

t i o n  spectra where t h e  chief requirements a r e  a s t a b l e  continuous source 

and a de tec tor  whose response i s  proportbnal t o  i n t e n s i t y .  Because of 

a lack  of i n t e n s i t y  standards i t  has s o  f a r  been impossible t o  measure 

e i t h e r  r e l a t i v e  o r  absolute i n t e n s i t i e s  of atomic o r  molecular emission 

spectra extending over any appreciable port ion of t he  u l t r a v i o l e t  

spectrum with any degree of accuracy o r  r e l i a b i l i t y .  

e f f o r t  i s  being d i r ec t ed  towards the  development of i n t e n s i t y  standards 

which have e i t h e r  a reproducible or a calculable  s p e c t r a l  output and 

which thus can provide means of c a l i b r a t i n g  u l t r a v i o l e t  spectrographs 

Considerable 
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f o r  measurement of i n t e n s i t i e s .  As rocket and s a t e l l i t e  spectroscopy 

progress spec t ra l  features  observed from many astrophysical  sources 

w i l l  require iden t i f i ca t ion  and i n t e n s i t y  measurements and it i s  there- 

fo re  important t h a t  i n t e n s i t y  d i s t r ibu t ions  of the predominant systems 

of the  more abundant gases be known, espec ia l ly  those present i n  our 

own atmosphere. 

One such important system is the  Lyman-Birge-Hopfield ( a * n g  - X t +  c g )  

system of nitrogen which extends roughly from 2600 Angstroms down t o  

1200 Angstroms. It was f i r s t  i den t i f i ed  by Birge and Hopfield (1928) 

and has since been studied under high resolut ion by Loftus (1956) and 

Wilkinson (1957). 

of densi ty  of  photographic spectra. It has recent ly  (Crosswhite e t  a l ,  

1962) been observed i n  rocket spectra of  the aurora and appears t o  be a 

major component of the auroral  spectrum in the  vacuum u l t r av io l e t .  

The only i n t e n s i t i e s  ava i lab le  have been eye estimates 

It was considered worthwhile therefore  t o  attempt t o  measure the 

r e l a t i v e  i n t e n s i t i e s  of the bands of the  Lyman-Birge-Hopfield system 

of N2 when excited i n  laboratory sources and this was the objective 

of the present research. 

development of equipment f o r  exci t ing and recording the  spectra,  the 

development of methods f o r  obtaining i n t e n s i t y  ca l ibra t ions  in the  

vacuum u l t r a v i o l e t  region, and f i n a l l y  the  i n t e n s i t y  measurements 

themselves and t h e i r  in te rpre ta t ion .  

The work of this t h e s i s  has involved the 
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CHAPTER I1 

INSTRUMENTATION 

2 .I Introduction 

Studies i n  the extreme u l t r a v i o l e t  requi re  spec ia l  types of 

spectrographs and the use of uncommon experimental techniques. The 

increasing opacity of a i r  below 2000 Angstroms, due t o  absorption 

by i t s  various const i tuents ,  makes i t  e s s e n t i a l  t h a t  t he  spectrograph 

be operated a t  a very low pressure; the  maximum pressure permissible 

na tura l ly  depends on the  type of measurement being made and on the  

length o f  l i g h t  path but i s  i n  general considerably less  than lom3 

mm Hg. 

Spectrograph mounts employing a concave r e f l e c t i n g  gra t ing  as 

the only opt ica l  element have been used almost exclusively t o  avoid 

l i g h t  losses .  There are  two mounts o f  th is  type, t he  Paschen mount 

and the Eagle mount. 

described by Wilkinson (1957a) and Douglas and Po t t e r  (1962). 

with development of techniques f o r  making surfaces with high reflec- 

t i v i t i e s  i t  has become possible  t o  consider t he  use of plane gra t ings ,  

such as  i n  the  Ebert mounting, a t  l e a s t  down t o  wavelengths of  1000 

Angstroms. 

Large spectrographs of  t he  Eagle type have been 

Recently 

6 
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Emulsions containing almost no ge la t ine ,  of t h e  Schumann type, 

are normally used f o r  recording spectra  photographically. 

improvements in manufacturing, r e su l t i ng  i n  much improved sens i t i v i ty ,  

have been brought about recently.  While p l a t e s  are exce l len t  f o r  

qua l i t a t ive  s tud ies ,  wavelength measurements and iden t i f i ca t ions ,  

it i s  d i f f i c u l t  t o  measure i n t e n s i t i e s  from photographic spectra .  

Photoelectr ic  de tec tors  of various types have been developed recent ly  

and possess advantages in ce r t a in  types o f  work. 

Great 

I n  t h e  following sections the  vacuum spectrograph and associated 

This i s  equipment and materials used i n  this research a r e  described. 

followed by a descr ip t ion  of a photoelectr ic  attachment and a scanning 

system which were added t o  the spectrograph, and a discussion of 

general  performance of  the  instrument. 

2.2  Spectrograph 

The spectrograph i s  a Hilger 3 meter normal incidence vacuum 

An 

It i s  an 

spectrograph with a nominal spec t ra l  range of 3000 Angstroms. 

external  view of t he  instrument i s  shown i n  Figure 2.1. 

in-plane Eagle type mount with the  entrance s l i t ,  grat ing,  and p l a t e  

holder on the  Rowland c i r c l e .  

are shown i n  Figure 2.2.  

The op t i ca l  and mechanical configuration 

A s ingle  ex terna l  control operates t he  wavelength change by means 

of a link mechanism between the  gra t ing  mount and t h e  p l a t e  holder,  

The p l a t e  holder  p ivots  around a v e r t i c a l  axis through the  entrance 

s l i t  which i s  f ixed.  

the  s l i t  mount and the  other from the  g ra t ing  mount, a r e  l inked a t  

Two arms ( r a d i i  of t he  Rowland c i r c l e ) ,  one from 
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t h e i r  f r e e  ends by a pivot.  The l a t e r a l  movement (control led by a 

screw) of t h i s  pivot  causes wavelength change by moving the  plate-  

holder and grating. As they move, they both r o t a t e  s l i g h t l y  so as 

I t o  remain on the  c i r c l e ;  i n  addi t ion the  gra t ing  movement i s  con- 
I 

s t ra ined  so tha t  the  mid-point of t he  g ra t ing  surface can move only 

I 
I 

along the  pr inc ipa l  a x i s  of t he  inc ident  rad ia t ion .  In t h i s  way 

co r rec t  conditions f o r  focus a r e  always maintained. 

The grat ing i s  ruled aluminum on glass with a spacing of 14,600 

l i n e s  per  inch. 

and 1.27 cm thick.  

which i s  screwed down t o  the gra t ing  cel l .  

t he  c e l l  behind the  gra t ing  holds the  g ra t ing  aga ins t  t he  r e t a in ing  

f lange with enough pressure t o  prevent i t s  shaking in the  c e l l .  The 

g ra t ing  has a ruled area of 8 x 4 cm and i s  concave with a radius  of 

curvature of  3 metres. 

and t h e  reciprocal  dispers ion i s  about 5.8 A/mm i n  f i r s t  order.  

The g l a s s  blank i s  c i r c u l a r ,  11.43 cm in diameter 

It i s  held i n  i t s  c e l l  by a re ta in ing  f lange  

A three-leaf spring i n  

The theo re t i ca l  resolving power i s  thus 46,000 

The plateholder takes  2 x 10 inch p l a t e s .  Two external cont ro ls  

determine the  posi t ion and height  of t h e  spectrum recorded on the  

p la te .  

spectra  t o  be taken on t h e  same p la t e .  

p l a t e  in f r o n t  of the  plateholder t o  mask t h e  photographic p l a t e ,  

thus allowing successive spectra  t o  be taken one above t h e  o the r  with- 

out moving the  photographic p l a t e ,  and con t ro l l i ng  the  he ight  of t h e  

spectrum photographed between 1 mm and 4 mm. 

The f i r s t  racks the  plateholder  up or down t o  allow successive 

The second operates  a metal 

A f l a p  valve in f ron t  of  t he  p la teholder  permits t he  Camera com- 

partment t o  be sealed o f f ,  SO t h a t  t he  end cover can be opened without 
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t h e  main vacuum being l o s t .  This f ea tu re  g rea t ly  f a c i l i t a t e s  the  

changing of p l a t e s  o r  of spec t ra l  sources, s ince  i t  requi res  only 

t h a t  t he  small volume of a i r  i n  the  camera compartment be evacuated 

before t h e  valve i s  opened again. 

2.3 Vacuum System f o r  Spectrograph 

The vacuum system and controls  a r e  shown schematically i n  Figure 

2.3 .  There a r e  two independent pumping systems - one f o r  t h e  main 

body of t h e  spectrograph, and a smaller one f o r  t he  camera compartment. 

Specif icat ions are as follows: 

Backing pumps (s ingle  s tage)  

1SC150 - 1/3 hp motor, 144 litres/min displacement. 

1SC450 - 1 hp motor, 450 l i t res /min  displacement. 
( Spe edivac ) 

Diffusion pmps ( three  s tage)  - with s i l i c o n e  o i l  

F203 - 350 watt hea te r ,  speed 50 litres/sec. 

F603 - 1300 watt hea te r ,  speed 300 l i t r e s / s e c .  
(Speedivac ) 

The d i f fus ion  pumps are  each provided with a thermal switch. T h i s  

p ro t ec t s  t he  pump aga ins t  damage in the  event t h a t  t he  water cooling 

fa i ls .  Magnetic valves a r e  located i n  the  vacuum l i n e s  between each 

backing pump and t he  spectrograph proper thus precluding the  p o s s i b i l i t y  

of any pump f l u i d  backing up i n  t he  vacuum lines i n  the  event of  a power 

f a i l u r e .  A l l  s t a r t e r  switches a r e  of t he  reset type which requi re  

manual r e s e t t i n g  i n  case of any power in te r rupt ion .  It i s  thus seen 

t h a t  t he  spectrograph and vacuum system are adequately protected aga ins t  

any possible  damage resu l t ing  from in t e r rup t ion  of e i t h e r  power o r  water. 

A s  indicated i n  Figure 2.3, t h e  d i f fus ion  pumps a r e  both hung on 

the  spectrograph while t he  mechanical pumps are connected by f l e x i b l e  
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bellows. I n  addi t ion the  backing pumps a r e  supported on ant i -vibrat ion 

mounting f e e t .  These two features  a r e  intended t o  minimize possible 

v ibra t ion  of t h e  spectrograph due t o  the operation of the  mechanical 

Pumps 

The instrument i s  f i t t e d  with four  P i r a n i  type pressure gauge 

heads, one connected ahead of each backing pump, one t o  t h e  camera 

compartment, and one t o  the  main instrument body. These allow the 

measurement of pressure in the range of 1 t o  mm Hg. 

The spectrograph entrance s l i t  i s  connected t o  the  f r o n t  p l a t e  of 

the spectrograph by means of a bellows. 

b a f f l e  s l i t s  located both i n  f r o n t  and behind t h e  main s l i t .  These 

fea tures  impede t h e  flow of gases from t h e  l i g h t  source i n t o  the 

spectrograph when there  i s  no window between. The f r o n t  p l a t e  i s  

machine faced t o  a l low the  f ixing of s p e c t r a l  sources d i r e c t l y  on 

the  f r o n t  of t h e  spectrograph, making a vacuum t ight  connection by 

means of an O-ring. 

There a r e  a l s o  adjustable  

2.4 Windows f o r  the Vacuum Ultraviolet  

It i s  advantageous t o  use a window t o  separate t h e  spec t ra l  source 

from the spectrograph whenever possible.  

t o  the  s l i t  and t h e  gra t ing  by p a r t i c l e  bombardment or discharge 

products, and it allows t h e  spectrograph t o  be kept a t  a lower pressure 

thus avoiding possible  e r rors  due t o  absorption. 

It avoids possible damage 

There are f e w  mater ia ls  which w i l l  t ransmit l i g h t  below 2000 A. 

One such material i s  l i thium f luor ide  which has good transmission down 

t o  about 1200 A.  Its  surface and transmission propert ies  however a r e  
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very adversely affected by both u l t r a v i o l e t  r ad ia t ion  and e l ec t ron  

bombardment. 

windows per iodical ly  o r  t o  replace them regular ly  with new ones. 

poss ib i l i t y  of obtaining LiF crystals and making windows l o c a l l y  was 

considered due t o  the  high cos t  of purchasing windows commercially. 

A fu r the r  advantage was t h a t  cleaved crystals are  reputed t o  have 

b e t t e r  transmission propert ies  than polished windows. 

Thus it i s  necessary e i t h e r  t o  c lean and pol ish t h e  

The 

Lithium f luo r ide  crystals a r e  vacuum grown by Harshaw Chemical 

Company. 

because o f  t he  cubic nature  of t h e  l i t h ium f l u o r i d e  l a t t i c e .  The 

op t i ca l  c r y s t a l s  are usually mechanically so  s o f t  t h a t  they s u f f e r  

p l a s t i c  deformation and tend t o  s p l i t  on more than one plane. This 

r e s u l t s  i n  a non-uniform surface which w i l l  n o t  allow a good vacuum 

seal. 

They can be cleaved i n  any desired plane t o  make windows 

A technique developed by Nadeau and Johnston (1963) was used t o  

harden the LiF crystal t o  permit cleaving of t h i n  f l a t  windows. The 

LiF was hardened by i r r a d i a t i n g  i t  with Go6' gamma rays f o r  approxi- 

mately 48 hours. This resu l ted  i n  a hardened crystal  which was easily 

cleaved with a knife edge and hammer t o  produce windows of any desired 

thickness, without introducing any new d i s loca t ions  o r  s l i p  planes. 

The windows, which had turned a yellowish colour when i r r a d i a t e d ,  

were returned t o  t h e i r  normal condition by annealing them in an oven 

a t  45OoC f o r  two hours. 

The r e s u l t s  were very g ra t i fy ing  i n  t h a t  windows with b e t t e r  

transmission propert ies  than those commercially ava i l ab le  were obtained, 
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Figure 24 Tmnm'ssh Properties of Lithium Fluoride Windows 

and a t  a very nominal cost ,  by use of t h i s  method. 

c h a r a c t e r i s t i c s  of four LiF windows are i l l u s t r a t e d  i n  Figure 2.4. 

They include a thin cleaved window, an unused commercial window, and 

two commercial windows which had de ter iora ted  through use. 

l a t t e r  was repolished with jewel lers '  rouge. 

are not  necessar i ly  t y p i c a l  but a r e  meant t o  show the  wide va r i a t ion  

i n  transmission of windows of var ious types and condition. 

s ign i f icant  point,  noted by Pat terson and Vaughan (1963), i s  t h a t  

window transmission de te r io ra t e s  with time af ter  cleavage due t o  

surface e f f e c t s  upon exposure t o  air .  

mission propert ies  of  any window used between source and de tec to r  

must be accurately known when making any i n t e n s i t y  measurements. 

Transmission 

One of t he  

These c h a r a c t e r i s t i c s  

Another 

It i s  evident t h a t  t h e  t rans-  
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2 .5  Photographic Bnulsions f o r  t he  vacuum Ul t rav io le t  

The ordinary types of emulsions a r e  of l i t t l e  value below about 

2300 A since t h e  ge l a t in  strongly absorbs shor te r  wavelengths. 

many years emulsions of t he  type developed by Schumann (1893) con- 

t a in ing  a l a r g e  amount of s i l v e r  ha l ide  and a minimum of g e l a t i n  have 

been the  bes t  mater ia l  f o r  use i n  t h e  vacuum u l t r a v i o l e t .  In recent  

years  however there  have been marked improvements i n  methods of man- 

ufacture  t o  meet t he  increasing demands of spectroscopis ts .  

For 

There a r e  now three  d i s t i n c t l y  d i f f e r e n t  types of p l a t e s  r ead i ly  

ava i lab le  - Kodak 103-0 W sens i t ized  p l a t e s ,  Kodak SWR pla tes ,  and 

R f o r d  Q p la tes .  

which have been developed recent ly  by Kodak Path& (Paris) .  

s t i l l  a t  an experimental s tage and a r e  not  yet r ead i ly  ava i lab le .  

The choice o f  p l a t e s  i s  in general  l a r g e l y  determined by the  type of 

spectra being recorded and the  spec i f i c  spec t r a l  region of t he  ultra- 

v i o l e t .  

of t he  various types of p l a t e s  and some poin ts  per ta ining t o  t h e i r  

In addi t ion there  a r e  two emulsions, SC-5 and SC-7, 

They are 

It i s  of value t o  ou t l ine  b r i e f l y  t h e  pa r t i cu la r  q u a l i t i e s  

proper use. 

A very usefu l  and r e l i a b l e  p l a t e  i s  obtained by coating a Kodak 

103-0 p l a t e  with Kodak u l t r a v i o l e t  s e n s i t i z e r ,  a f luorescing material. 

This i s  done by dissolving the  s e n s i t i z e r  i n  cyclohexane and coat ing 

the  emulsion with a th in  l a y e r  of the  so lu t ion .  

must be rinsed i n  cyclohexane and thoroughly d r i ed  before developing. 

This treatment i s  necessary t o  remove t h e  sens i t ized  overcoat so t h a t  

t he  emulsion develops properly. The p l a t e  can then be developed i n  a 

Af te r  exposure it 
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normal way. 

p l a t e s  hence they can be sensi t ized in quant i ty  and s tored,  a t  l e a s t  

f o r  a reasonable period, before use. 

There i s  no indicat ion of de t e r io ra t ion  of sens i t ized  

Kodak Short Wave Radiation emulsion (abbreviated SWR) was developed 

about 1950 i n i t i a l l y  on a film base but i s  now avai lhble  i n  p l a t e  form. 

This emulsion i s  very sensi t ive t o  abrasion and must be handled with 

care.  

emulsion has high s e n s i t i v i t y  and resolut ion.  

ment time of two minutes i n  developer d i lu t ed  1:l. 

development may cause fogging. 

There are var ia t ions  i n  qua l i t y  from p l a t e  t o  p l a t e ,  but t he  

It requi res  a develop- 

Even slight over- 

I l f o r d  Q p l a t e s  have been ava i lab le  for some years .  They contain 

an intermediate amount of ge la t in ,  but have a high dens i ty  of  s i l v e r  

bromide gra ins  a t  t he  t o p  of the emulsion, 

ava i lab le  i n  three  grades, Q1, Q2 and 83, l i s t e d  i n  order of  increas ing  

speed and gra in  s ize .  A development time of two minutes with s imi la r ly  

reduced f ix ing  and washing times i s  recommended. 

They are commercially 

Schoen and Hodge (1950) have found an increase  i n  s e n s i t i v i t y  of 

t he  SWR emulsion over 103-0 W sens i t ized  emulsion below about 1500 A, 

and markedly superior  below 1000 A. 

less sens i t i ve  than e i t h e r  of t he  others .  

higher cont ras t  than i s  usually des i rab le ,  while I l f o r d  p l a t e s  show 

low cont ras t .  

l i n e s  per  millimeter and i n  t h i s  respect  a r e  somewhat superior  t o  t he  

o ther  p l a t e s ;  exce l len t  resolut ion i s  obtained with Q1 and Q2 I l f o r d  

p la tes ,  but t h i s  i s  a t  the  expense of s e n s i t i v i t y .  

sion i s  reported by Madden (1964) t o  have r a the r  s imi la r  c h a r a c t e r i s t i c s  

I l fo rd  emulsions appear somewhat 

The SWR p la t e s  have a much 

The SWR plates  a r e  capable of resolving more than 100 

The new SC-7 emul- 
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t o  SWR emulsion but i s  more than 10 times a s  s ens i t i ve  a t  200 A and 

markedly f a s t e r  through the  spec t r a l  range below 600 A .  

It has been found i n  this work t h a t  SWR p la t e s  a r e  i d e a l  f o r  

survey work, i d e n t i f i c a t i o n  of spec t r a l  fea tures ,  wavelength measure- 

ments and recording of atomic spectra ,  where high con t r a s t  and sen- 

s i t i v i t y  a r e  advantageous. 

sui table  f o r  recording of molecular spectra  s ince they have a more 

reasonable cont ras t .  

and uniformity of emulsion r a the r  than speed i s  important. 

bination of l o w  l i g h t  gathering power and poor spectrograph ef f ic iency  

i n  most vacuum instruments, and ce r t a in ly  in the  present instrument, 

d i c t a t e  speed a s  an important f a c t o r  however, and f o r  t h i s  reason 

Kodak SWR and 103-0 UV sens i t ized  p l a t e s  were used almost exclusively.  

2.6 Photoelectric Detect- 

The UV sensi t ized p l a t e s  a r e  somewhat more 

R f o r d  p l a t e s  may be preferred when qual i ty  

The com- 

The use of photographic emulsions f o r  t he  measurement of  i n t e n s i t i e s  

requires  t h a t  a standard source be ava i lab le  f o r  determining the  spec t r a l  

response and the  cha rac t e r i s t i c  curve of t he  emulsion. 

a source i n  the  vacuum u l t r a v i o l e t  makes photographic p l a t e s  of l i t t l e  

value for  making accurate  i n t e n s i t y  measurements i n  the  u l t r a v i o l e t .  

The lack  of such 

The quantum ef f ic iency  of photographic emulsions has been estimated 

by Fe l lge t t  (1958) a t  somewhat l e s s  than 1% even f o r  optimum exposure, 

and much l e s s  (because of rec iproc i ty  f a i l u r e )  f o r  long exposures. 

c e l l s  are  now readi ly  ava i lab le  with quantum e f f i c i e n c i e s  of 20-30%. 

photocathodes have a high photoelectr ic  e f f ic iency  i n  the  u l t r a v i o l e t  

and a r e  avai lable  with quartz windows. Photomultipliers with windows 

Photo- 

The 
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transparent down t o  1000 Angstroms a r e  i n  the process o f  development, 

but a r e  not y e t  commercially avai lable .  

however which f luoresce strongly under u l t r a v i o l e t  rad ia t ion  and it 

has been shown t h a t  with a fluorescent coating a photomultiplier can 

perf o m  w e l l .  

There are  many mater ia l s  

A useful  coating i s  sodium s a l i c y l a t e  (HOC6H4COONa) which has 

been shown t o  have very good propert ies .  Watanabe and Inn (1953), 

among the f i r s t  t o  evaluate t h i s  mater ia l ,  reported t h a t  i t  gave 

excel lent  response over the  spec t ra l  range from 500 t o  3000 Angstroms, 

and a l s o  t h a t  i t s  response was l i n e a r  with i n t e n s i t y  a t  l ea s t  over an 

in t ens i ty  range o f  50 and with i n t e n s i t i e s  up t o  2 x 1013 quanta/cm2 sec. 

They fu r the r  reported t h a t  i t  was very s t ab le  both under vacuum and over 

long periods of time. 

measured by Johnson e t  a 1  (1951) and found t o  be constant between 900 

and 2300 Angstroms. 

mater ia ls  i n  several  respects,  including s t a b i l i t y ,  s e n s i t i v i t y  and ease 

of handling. 

The quantum ef f ic iency  of sodium s a l i c y l a t e  was 

It appeared t o  be superior t o  most o ther  f luorescent  

With t h i s  information t o  hand i t  was decided t o  inves t iga t e  t h e  

f e a s i b i l i t y  of converting the spectrograph t o  a photoelectr ic  instrument 

to f a c i l i t a t e  the  measurement of i n t e n s i t i e s  i n  the  vacuum u l t r a v i o l e t .  

Two questions had t o  be answered before proceeding too  fa r :  a )  was the  

l i g h t  gathering power of the instrument (f/50) s u f f i c i e n t  so t h a t  adequate 

s igna l  could be recorded photoelectr ical ly ,  and b) w a s  the  wavelength 

control  screw and the  grating t ab le  designed s u f f i c i e n t l y  w e l l  t h a t  the  

grat ing would r o t a t e  i n  a smooth and uniform manner. 
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Preliminary tes ts  showed t h a t  photoelectr ic  recording w a s  possible  

Hence com- and t h e  grating dr ive  was a t  least  acceptable for scanning. 

p l a t e  adaptations were begun 61) t h a t  %he 3 meter instrument could be 

used conveniently and interchangeably as e i t h e r  a photographic o r  a 

photoelectric instrument. 

d r i v e  mechanism, a photomultiplier mount, and an ex i t  s l i t  arrangement. 

2.6.1 Photomultiplier Mount and Exit S l i t  

T h i s  involved the  building of a g ra t ing  

Gn e x i t  s l i t  was constructed as shown i n  Figure 2.5, t o  replace the  

photographic p l a t e  holder,  

aluminum p la t e  t o  allow an ex i t  s l i t  assembly t o  be mounted. 

!4 rectangular hole was c u t  from t h e  inch 

It was found t h a t  razor blades would make adequate s l i t s  i f  t he  

edges were honed U g h t l y  with a f i n e  emery stone t o  remove s l i g h t  

i r r e g u l a r i t i e s  i n  the  edge contours. 

on a 

posi t ion and alignment. 

t o  allow it  t o  be ro ta ted  t o  align t h e  s l i t s  with t h e  image of t h e  

entrance s l i t  

Four sets of blades were mounted 

inch brass p l a t e  with screws which allowed adjustments i n  s l i t  

The brass  p l a t e  was provided with s l o t t e d  holes  

S l i t  widths of 2 5 ,  50, 100 and 200 microns were chosen a s  a reason- 

ab le  range and t h e  s l i t s  were set  a t  those  widths by means of  a micro- 

s c ~ p e  t o  an accuracy of about 5%. 

d i s t ance  from the  gra t ing  as t h e  photographic p l a t e  would be i n  i t s  

holder so t h a t  no extra focussing would be required. 

The s l i t s  were located a t  t h e  same 

It was decided t o  mwnt t h e  photomultiplier ou ts ide  t h e  spectrograph 

for two reasons - f i r s t l y ,  f o r  ease of construct ion and demounting, 

secondly, t o  u t i l i z e  more of t h e  s e n s i t i v e  area of t h e  photomultiplier 
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cathode, 

approximately 21 c m  from t h e  e x i t  s l i t ,  where the image s i z e  \m\ ,itwilt 

7 mm square. 

This design placed the  photomultiplier a t  a d is tance  o f  

An end p la t e  of $ inch aluminum was machined t o  replace t h e  st,inilaI’,f 

inspect ion p l a t e  a t  t h e  end of t h e  camera compartment. 

w a s  d r i l l e d  a t  t h e  centre.  

shown i n  Figure 2 . 6 .  The tube was supported i n  i t s  socket on a d i \ c  

of bake l i t e  which f i t t e d  i n t o  a 26 inch i n s i d e  diameter f i b c r  cylinder, 

A second supporting r ing  was located near  t h e  end of the  tube. Thc 

tube was thus firmly f ixed  in t h e  cent re  of  t he  hollow cyl inder  and 

yet  was f r e e  t o  s l i d e  along t o  allow t h e  tube end t o  make a vacuum seal 

with a l u c i t e  spacer which in t u r n  was seated against  an O-ring i n  

the  aluminum p la t e ,  

of t h e  cylinder, with two s m a l l  holes  f o r  running throuqh the  h i d l  

voltage and signal leads .  An external  view of t h e  assembled photo- 

mul t ip l i e r  u n i t  i s  shown i n  Figure 2 . 7 .  

A inch holc 

The photomultiplier tube was mountcd , I S  

A l i gh t - t i gh t  cap was f i t t e d  snugly over thc  end 

A regulated power supply provided high voltage f o r  t he  photo- 

m u l t i p l i e r  through a chain of 1 megohm r e s i s t o r s  connectinq siAccecdinc 

dynodes. These values were chosen r a t h e r  than t h e  much smalLcr one\  

conventionally used t o  l i m i t  t h e  cur ren t  which could be d r a m  by the 

tube and thus ac t  as  a sa fe ty  device. 

mu l t ip l i e r  i n  normal  use were 10-8 amperes o r  l ess ,  a f a c t a r  of 100 

o r  more less  than t h a t  which could be drawn without l o s i n r  Linearit? 

between s igna l  l e v e l  and incident  l i g h t  i n t e n s i t y .  

Currents drawn from the  photo- 

~ 
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A range of voltages from 500 t o  1300 v o l t s  was avai lable  from 

the power supply with a s t a b i l i t y  of 0.1%. 

1 . 3  megohms was added t o  the dynode resis tance chain s ince t h e  power 

supply was of a type which required a current  of 1 milliampere o r  

more t o  be drawn f o r  proper voltage regulation. 

A by-pass res i s tance  of  

The s ignal  from the  photomultiplier was fed through a shielded 

cable t o  a Leeds and Northrup DC amplif ier  and a Speedomax recorder. 

A block diagram of the  c i r c u i t r y  i s  shown i n  Figure 2.8. 

Since the entrance and e x i t  s l i t s  of the spectrometer are c lose  

together the photomultiplier i s  of necessi ty  mounted c lose  t o  t h e  

spec t ra l  source being used. It w a s  therefore  necessary t o  shield 

the photomultiplier from any e l e c t r i c a l  noise o r  magnetic f i e l d s  

generated by such sources. 

caused extremely high noise leve ls .  The photomultiplier w a s  there- 

f o r e  enclosed i n  a mu-metal shield placed a t  cathode poten t ia l ,  and 

the  s ignal  cable shield was grounded a t  both ends. In addition, it 

was necessary t o  enclose the whole photomultiplier u n i t  i n  a grounded 

cy l indr ica l  screen. 

AC condensed discharges i n  p a r t i c u l a r  

Two E.M.I. photomultipliers, a 9526B and a 9524B, were obtained 

f o r  use with the  spectrometer. 

with peak s e n s i t i v i t y  about 4000 Angstroms. 

eff ic iency versus wavelength are shown i n  Figure 2.9. 

s a t i s f a c t o r y  down t o  t h e  quartz window cut-off a t  about 1600 Angstroms 

while the 9524B, with a glass window, requires  a f luorescent  coating 

f o r  use i n  the u l t r a v i o l e t .  

Both had similar cathodes of SbCsO 

Typical curves of quantum 

The 9526B i s  
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A so lu t ion  of sodium sa l i cy la t e  and e t h y l  alcohol w a s  prepared 

and applied t o  the  9524B window with a f i n e  brush. Tests made on 

various types of coatings indicated t h a t  t h e  most e f f i c i e n t  f luorescent  

coating w a s  a f a i r l y  t h i n  semi-transparent coating. 

gave a measured e f f ic iency  of 14%, while t h i cke r  opaque coatings gave 

e f f i c i enc ie s  of about 10%. 

Such a coating 

More recent ly  it was found t h a t  a much improved surface could be 

obtained by using an atomizer containing a saturated so lu t ion  of sodium 

s a l i c y l a t e  and ethyl  alcohol. By spraying on the  solut ion from a d is -  

tance of 8-10 inches, a f ine  mist  reaches the  window surface and d r i e s  

immediately, r e su l t i ng  i n  a uniform surface with no holes  o r  l a r g e  

c r y s t a l s .  Any desired thickness can be r ead i ly  obtained. This method 
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been suggested by Knapp (1964) and Allison e t  a1 

efficiency of approximately 25% was obtained by 

t h i s  means. 

y i e l d  i n  the forward d i r ec t ion  of 32% measured by Kris t ianpol ler  (1964). 

2.6.2 Grating Drive Assembly 

This compared reasonably wel l  with an e f f e c t i v e  quantum 

With the e x i t  s l i t  mounted i n  the  f o c a l  plane and behind i t  a 

photoelectric de tec tor ,  i t  remained t o  provide f o r  r o t a t i o n  of the  

gra t ing  a t  a uniform and controlled speed t o  scan the  spectrum across  

the  s l i t .  It was observed t h a t  an i n t e r v a l  of 150 Angstroms was 

covered per  revolution of t h e  wavelength cont ro l  s h a f t  and t h a t  a 

torque of 50 in.-oz. was needed t o  tu rn  i t .  

r eve r s ib l e  motor with a torque of 110 in.-oz. was obtained t o  provide 

the  necessary power. 

A Bodine 1 rpm synchronous 

A gear system w a s  designed, as shown i n  Figure 2.10, which con- 

s i s t e d  of a 5 inch d r ive  gear on the  wavelength con t ro l  sha f t ,  a 2 / 3  inch 

diameter drive gear on an i d l e r  sha f t  ( thus ge t t i ng  a 7 . 5  t o  1 reduction),  

and the  motor mounted with a separation of 1; inches from i t s  d r i v e  

s h a f t  t o  t h e  i d l e r  shaf t .  It was thus possible t o  connect the  motor 

t o  the  wavelength cont ro l  sha f t  with any p a i r  of gears  having a combined 

diameter of 3 inches.  

Two pa i rs  of gears of 1 and 2 inches diameter, and A and 24 inches 

diameter w e r e  obtained, thus providing possible  scanning speeds of 4, 

10, 40 o r  100 Angstroms per  minute. Combined with the  f ixed  recorder 

cha r t  speed of 2 inches per minute, these  would provide in te t r ra l  numbers 

of d iv i s ions  per Angstrom. This range of speeds appeared sa t i s f ac to ry  
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as the  upper speed would be su i t ab le  f o r  quick surveys, and t h e  slower 

ones adequate f o r  making i n t e n s i t y  measurements. 

of intermediate speeds could be obtained i f  des i r ab le  by choosing 

o ther  p a i r s  of gears of appropriate s ize .  

A grea te r  s e l ec t ion  

The gears are  fixed t o  the  shaf t s  with set-screws and are  easily 

removable. It i s  possible t o  disengage t h e  gears, t o  allow manual 

s e t t i n g  of the wavelength, by pul l ing  out t he  i d l e r  sha f t  which i s  

spring loaded. 

The ex is t ing  d i a l  which indicated wavelength s e t t i n g  of the  g ra t ing  

was adequate f o r  photographic work but was no t  s u f f i c i e n t l y  prec ise  f o r  

photometric work as i t  could be read o d y  t o  within about 100 Angstroms. 

A one-tenth revolution counter was obtained and by f i x i n g  i t  t o  the  main 

wavelength dr ive  gear with a gear r a t i o  of 15:1, wavelengths could be 

read t o  an accuracy o f  1 Angstrom f o r  uni-directional scans. While t h e  

scanning i s  reasonably l i n e a r  over t h e  cen t r e  of t h e  range, i t  deviates  

towards the  upper and lower ends of the  s p e c t r a l  range. 

l i n e a r i t y  i s  due t o  the  combined e f f e c t  o f  t h e  s ine  terns i n  t h e  g ra t ing  

equation and the  Rowland c i r c l e  mounting. 

i n  wavelength reading, as a function of wavelength, when t h e  counter 

i s  se t  t o  read co r rec t ly  a t  1500 Angstroms. 

This non- 

Figure 2.11 shows the  e r r o r  

It should be pointed out t h a t  t h e  wavelength counter, and e r r o r  

graph a r e  simply f o r  ease of l oca t ing  desired s p e c t r a l  regions o r  

fea tures .  The graph i l l u s t r a t e s  however t h a t  while t he  wavelength scan 

between 1000 and 2500 Angstroms i s  s a t i s f a c t o r i l y  l i n e a r ,  above 2500 

Angstroms the scanning r a t e  i s  changing s l i g h t l y  and this may need t o  
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be taken into account in measuring areas under spectral features (bands) 

in arriving at intensities. 

2.7 Discussion of Performance 

Following are a few general comments on the performance of the 

instrument, pertaining to its use as a spectrograph and as a spectrometer. 

2 .7 .1  Spectrograph 

The pumping system is quite adequate for evacuating the spectrograph. 

It is possible to reach 2 x mm Hg in the main compartment after a 

few hours of pumping. Evacuation from atmospheric pressure to mm Hg 

requires approximately 30 minutes. It is not usually possible to evacuate 

the camera compartment beyond 10-4 mm Hg, but this is undoubtedly due to 

small leaks in the camera compartment door. 



32 

With a spec t ra l  source connected t o  the  spectrograph i t  i s  a 

When pumping discharge products through t h e  d i f f e ren t  s i tua t ion .  

entrance s l i t  i t  i s  impossible t o  maintain the  spectrograph pressure 

much below 

arrangement of ba f f l e  s l i ts  and d i f f e r e n t i a l  pumping. 

mm Hg. To improve t h i s  would require  a more effective 

Spectra obtained are usually sharp when exposure time i s  sho r t  

(<  1 hour). 

give sharp spec t r a l  l ines .  This was a t t r i b u t e d  t o  two main causes - 

temperature changes i n  the  spectrograph, and unsuitable spectrograph 

mounting. 

conditioner which would hold t h e  room a t  a reasonably constant temperature. 

Spectral  l i n e s  are broadened somewhat because of poor qua l i t y  of 

It i s  seldom t h a t  exposures of longer than about 2 hours 

The former was a l l ev ia t ed  by the  i n s t a l l a t i o n  of an a i r  

the  gra t ing  ru l ings .  

wavelengths i t  becomes progressively more noticeable.  

2 .7 .2  Spectrometer 

This i s  not  noticeable above 2000 A but a t s h o r t e r  

The g ra t ing  dr ive  mechanism shows no evidence of uneveness of 

There i s  however a backlash i n  the  wavelength con t ro l  screw motion. 

which r e s u l t s  i n  about a 15 A l a g  when reversing t h e  d i r e c t i o n  of scan. 

This presents no problem f o r  use a t  present;  if desired it could be 

eliminated by spring loading t h e  g ra t ing  d r i v e  arm, 

Spectral  resolut ion of the  photoelectr ic  instrument i s  s a t i s f a c t o r y  

f o r  present use. 

i s  a cha r t  recording of the  signal obtained from t h e  2p3 4S0 - 3s 

nitrogen mul t ip l e t  a t  1200 A covered a t  t h e  slowest scanning speed 

(4 A/min) with 2 5 A  s l i t s ,  i n  both t h e  f i r s t  and second order. 

nitrogen l i n e s  a r e  approximately 0.5 91 a p a r t  and are completely resolved 

A representat ive scan i s  shown i n  Figure 2.12. T h i s  

4 P 

The 
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i n  second order. 

paper t o  an accuracy of  0.1 A .  

Wavelengths can be read r e l i a b l y  from t h e  cha r t  

The scan shows present r a t h e r  than optimum performance. Resolution 

could be improved by an order of magnitude by using narrower s l i t s  and 

a higher qual i ty  ex i t  s l i t ,  and by using an amplif ier  and recorder 

with good time response ( the  ones i n  present use have a response time 

of 2 seconds). 

The detector response i s  considered exce l len t ;  i t  i s  possible  t o  

record photoelectr ical ly  any spec t r a l  f e a t u r e s  t h a t  can be recorded 

photographically i n  a two hour exposure. 

as a r e s u l t  of using wider s l i t s ,  and hence i s  a t  t h e  expense of some 

resolution. 

This i s  possible  l a r g e l y  

The lower l i m i t  of response i s  determined l a r g e l y  by t h e  dark 

cur ren t  of the photomultiplier which i s  approximately IO-’ amperes 

a t  a cathode po ten t i a l  of -1000 v o l t s  and a t  room temperature. 

could be markedly improved by cooling the  photomultiplier although 

t h i s  would present a few o the r  problems. 

This 



CHAPTER I11 

MOEECULAR BAND SYS"S I N  TH!J3 VACUUM ULTRAVIOUET 

3 .1  Introduction 

There a r e  many molecular band systems i n  the  vacuum u l t r a v i o l e t  

region. 

CO) i n  pa r t i cu la r  have some o f  t h e i r  m o s t  in tense  band systems i n  

t h i s  region. 

spectra  i n  the  vacuum u l t r av io l e t  was l a i d  a few decades ago, there  

has recent ly  been a rev iva l  o f  i n t e r e s t  i n  the  f i e l d  and in tens ive  

s tudies  have been car r ied  o u t  on the spectra  of an increasing number 

of diatomic and po1yatomi.c molecules. 

band systems which have been studied s ince 1950 and the information 

obtained i s  given by Wilkinson (1961)- 

pr imari ly  on the  Lyman-Birge-Hopfield (LBH) system. 

Molecules with a closed s h e l l  of  e lec t rons  (such a s  N 2  and 

While much of the groundwork i n  s tud ies  of molecular 

A comprehensive review of  

The present study was centred 

Preliminary t o  measurement of  r e l a t i v e  i n t e n s i t i e s  of t he  bands 

of t he  LBH system it was necessary t o  develop a l i g h t  source which 

would provide t h i s  system with reasonable br ightness  and with a 

ininimum of contamination f r o m  other  ni t rogen band systems o r  fore ign  

species.  It was necessary a l so  t o  examine the  band system i n  d e t a i l  

t o  i d e n t i f y  a l l  the  detectable bands and t o  be aware of overlapped 

35 
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bands o r  a tomic  l ines  which would i n t e r f e r e  with i n t e n s i t y  measure- 

ments. For this  survey work photographic techniques are preferable 

t o  photoelectric recordings, hence most of t h e  preliminary s tud ie s  

were photographic i n  nature.  

It i s  worthwhile t o  describe b r i e f l y  here  the  various l i g h t  

sources which were b u i l t  f o r  exci t ing molecular spectra and t o  present 

a h i s t o r i c a l  review of t he  LBH system along with an i d e n t i f i c a t i o n  

spectrum of the system. 

of these bands w i l l  be discussed i n  a l a t e r  chapter. 

Factors per ta ining t o  re la t ive  i n t e n s i t i e s  

In  t h e  course of this survey a number of o the r  band systems 

were observed and studied b r i e f ly .  

would be extraneous, however two of them m e r i t  mention because of 

t h e i r  r e l a t ion  t o  the  LBH system. 

system, completely analagous t o  the  LBH system, i n  the  same region 

and r ead i ly  excited, and t h e  N2+ Second Negative system, a l s o  i n  

the  same spec t ra l  region and excited t o  a c e r t a i n  ex ten t  along with 

the  LBH system. 

3.2 Light Sources f o r  'Excitation of Molecular Spectra 

To dwell a t  any l eng th  on these  

These are t h e  CO Fourth Pos i t i ve  

Light sources f o r  invest igat ions of molecular spectra do not  

d i f f e r  markedly from those su i t ab le  f o r  use a t  longer wavelengths. 

The pr inc ipa l  differences are t h a t  they must be so designed as t o  fit 

on t h e  end of t he  spectrograph with a vacuum t i g h t  seal, and sell?- 

absorption of t h e i r  r ad ia t ion  must be avoided, 

The f i r s t  source b u i l t  was a fi-shaped discharge tube 1 2  inches 

i n  length and 1 inch i n  diameter, with two c y l i n d r i c a l  n i cke l  e lectrodes 

- I  
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5/8 inch i n  diameter. 

the electrodes was drawn down t o  5/8 inch t o  c o n s t r i c t  t h e  discharge 

somewhat and thus t o  increase the  current  densi ty .  

tube was secured t o  the  entrance flange of  t h e  spectrograph by means 

of a re ta in ing  r ing  and an O-ring s e a l  and was viewed end-on by the 

instrument. 

The diameter of the  g l a s s  envelope between 

The discharge 

An AC condensed discharge was produced by a 15 kv, 0.45 kva 

transformer combined with a .005/uf condenser and an ex terna l  spark 

gap. The tube was a i r  cooled with a fan.  

A second source w a s  the hollow cathode discharge tube described 

i n  sect ion 4.3.4.2. 

of ce r t a in  molecular band spectra.  

the  cathode w a s  vaporized by heat ing and ion  bombardment during opera- 

t i on  and t h i s  resu l ted  i n  unwanted atomic l i n e s  appearing i n  the  spectrum. 

A second disadvantage of t h i s  tube a s  a source f o r  the  LBH system was 

t h a t  t he  degree of ionizat ion and d issoc ia t ion  of t he  nitrogen molecule 

i n  the  discharge w a s  higher than des i rab le .  

It w a s  found t o  be a reasonable one for exci ta t ion  

However some of  the  mater ia l  of  

A third source was an electrodeless  discharge excited by a Microthem 

power generator (2450 megacycles, 100 wat ts) .  

s i s t ed  of a $ inch diameter quartz tube with two s ide arms. One end 

was sealed while t h e  o ther  was flanged t o  f i t  i n t o  an aluminum p l a t e  

with a $ inch hole a t  the  centre.  It was secured the re  with sea l ing  

w a x  and the  p l a t e  was machined t o  f i t  on the  entrance f lange of t he  

spectrograph. 

The discharge lamp con- 

Each source was b u i l t  with a gas i n l e t  and a l so  an o u t l e t  so t h a t  

i t  could be evacuated independently. 

was removed between the  source and spectrograph, and the  discharge 

In general  however t h e  window 
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I 

any discharge i n  nitrogen. 

t h i s  band system since it provides t h e  most r e l i a b l e  da t a  ava i l ab le  

on both t h e  ground s t a t e  of N2 and the  important a fl s ta te .  

There have been numerous invest igat ions o f  

I 1 

I It was f i rs t  studied by Lyman (1911) who observed and measured 

products were pumped through the  entrance s l i t  by the  spectrograph 

t h e  wavelengths of twenty-one of the  s t ronges t  bands exci ted i n  a I 

vacuum system. 

1 1 +  3.3 N2 Lyman-Birge-Hopfield System a ng - x 
The LBH band system i s  the  most i n t ense  of a l l  t he  ni t rogen systems 

appearing i n  the  region below 2700 A .  It cons i s t s  mainly of about 75 

bands extending from 1200 A up t o  2150 A ;  i n  addi t ion the re  are some 40 

weaker bands extending up t o  about 2600 A .  The system i s  excited i n  

high voltage discharge through nitrogen a t  low pressure. 

Hopfield (1928) made an extensive study of t he  system, report ing more 

than sixty bands and analyzing the  v ib ra t iona l  s t ruc tu re  i n  d e t a i l .  

Birge and 

The ro t a t iona l  s t ruc tu re  of t he  system was f i r s t  studied by Appleyard 

1 (1932) and he concluded t h a t  t h e  t r a n s i t i o n  was between a a fl state  

and the  ground s t a t e  X of nitrogen. Further r o t a t i o n a l  analyses 

were made by Watson and Koontz (1934) and l a t e r  by Spinks (1942). 

Several  new bands up t o  vibrat ional  levels  of t he  ground s ta te  of 

= 27 were observed i n  the  region 2100 - 2600 A by Herman and Herman I 1  v 

(1942). 

observed. 

A predissociation i n  the  aln s t a t e  above v' = 6 w a s  a l s o  

While it was i n i t i a l l y  believed t h a t  t h e  a +  X t r a n s i t i o n  was allowed 

and thus a u--* g t r a n s i t i o n ,  on the  bas i s  of i n d i r e c t  evidence Herzberg 
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(1946) concluded t h a t  the t r a n s i t i o n  was i n  f a c t  a lng - X 'c'g 
and thus forbidden as an e l e c t r i c  dipole  t r a n s i t i o n .  It i s  however 

allowed as a magnetic dipole t r a n s i t i o n .  The two types of t r a n s i t i o n s  

cannot be distinguished experimentally unless quadrupole l i n e s  a r e  

observed ( e l e c t r i c  quadrupole t r a n s i t i o n s  a r e  allowed concurrently 

with magnetic dipole t rans i t ions) .  

obtained by Wilkinson and Mulliken (1957) showed t h e  presence of t h e  

High resolut ion absorption spectra 

quadrupole l i n e s  ( S  and 0 branches) and removed any doubt concerning 

the assignment of the LBH bands as a a l f l g  - X 1 +  cg t r a n s i t i o n .  The 

e l e c t r i c  quadrupole contribution t o  the i n t e n s i t y  of the  bands was 

estimated t o  be about 13% of t h e  t o t a l .  

A p a r t i a l  energy l e v e l  diagram of the nitrogen molecule i s  shown 
l - - b  

' e lec t ronic  t r a n s i t i o n  of the  LBH 
g in Figure 3 . 1 .  The a In, - X 

system i s  shown and also a number of other  prominent t r a n s i t i o n s  f o r  

the  N2 and N2' molecule. 

Further high resolution measurements were car r ied  out on the LBH 

system in absorption and i n  emission by Wilkinson and Houk (1956), 

Loftus (1956) and Wilkinson (1957). Accurate molecular constants were 

derived from these s tudies  f o r  both the a 1 ng and the X 'xi states. 

These have been compiled by Loftus (1960) and per t inent  ones a r e  l i s t e d  

i n  Table 3 .1 .  

Table 3.1 

Molecular Constants f o r  the X E, and a rg S t a t e s  of N2 

S t a t e  Too d e  d e  Xe d e  'e 

l +  1 

x "q 0 2358.07 14.188 - 0.0124 

a 68951.21 1694.06 13.86 

Nomenclature as used by Herzberg (1950) 
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A Deslandres a r r ay  o f  band head wavelengths of  a l l  observed 

emission bands of  t he  LBH system ly ing  below 2150 A i s  displayed i n  

Table 3.2. 

of Table 3.1 and agree i n  general with t h e  observed wavelengths t o  

within 0.1 A .  The vas t  m a j o r i t y  of t he  bands l i s t e d  were observed 

and i d e n t i f i e d  by Birge and Hopfield (1928). 

The wavelengths a re  calculated from the  molecular constants  

Four addi t iona l  bands, previously unreported, were observed by 

the  author. They are t h e  (0, 7 ) ,  (0, 8) ,  (3, 1) and (7, 1) bands. 

They can be seen i n  the  spectrum of  the  LBH system shown i n  Figure 3.2. 

The bands in the  spectrum are  i d e n t i f i e d  by t h e  v ibra t iona l  l e v e l s  of 

the  upper and lower  states, v and v . I a1 

The spectrum was obtained from a n  AC condensed discharge through 

ni t rogen a t  0.5 mm pressure.  

sens i t ized  p l a t e  with a three hour exposure. 

It was recorded on a Kodak 103-0 W 

S l i t  width was .01 mm. 

A number of atomic nitrogen l i n e s  appear prominently i n  the  spectrum. 

There a r e  as w e l l  a number of bands of  the  Birge-Hopfield system seen 

a t  t h e  lower end of t he  spectrum and some bands of the  N2+ Second 

Negative system appear weakly i n  the  region 1800-2000 A. 

a r e  too numerous f o r  individual designation. 

These f ea tu res  

A s  seen i n  t h e  spectrum of Figure 3.2 the  bands are s ingle  headed 

and degraded t o  longer wavelengths. 

kinson (1957)) they a r e  seen t o  cons is t  of s ing le  P, Q and R branches, 

a r i s i n g  from magnetic dipole and e l e c t r i c  quadrupole t r ans i t i ons ,  and 

weaker S and 0 branches a r i s ing  from e l e c t r i c  quadrupole t r a n s i t i o n s .  

There i s  an i n t e n s i t y  a l te rna t ion  in the  r o t a t i o n a l  s t ruc ture ,  with the  

odd numbered ro t a t iona l  l i n e s  being weak. 

Under high reso lu t ion  (e.g. W i l -  
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3.4 CO Fourth Pos i t ive  System A '77 - X 'E' 
The Fourth Pos i t ive  bands &re  the  most prominent p a r t  of t he  

spectrum of carbon monoxide. 

down t o  1140 A .  It a r i s e s  from the  t r a n s i t i o n  between the  X 

ground s t a t e  and the  A 1n upper s t a t e  of the  CO molecule a s  shown i n  

the  p a r t i a l  energy l e v e l  diagram i n  Figure 3.3. 

The band system extends from about 2800 A 

The bands a r e  very eas i ly  excited and occur i n  any discharge through 

CO or C02. 

pa r t i cu la r ly  i f  there  i s  stop-cock grease o r  carbon present.  

f i rs t  observed by Deslandres (1888) who measured some 40 band heads i n  

the  region above 2000 A .  Lyman (1906) observed about 100 bands and 

made measurements down t o  1300 A .  

They occur a l s o  a s  impurity bands i n  many discharge tubes, 

They were 

Birge (1926) f i r s t  i d e n t i f i e d  the  band system a s  belonging t o  t he  

carbon monoxide molecule. Wavelength measurements of  band heads a r e  

reported by Headrick and Fox (1930) f o r  68 bands ly ing  between 2200 

and 1280 A, and by 1Estey (1930) f o r  bands between 2000 and 2800 A .  

Read (1934) determined the  r o t a t i o n a l  constants  of t he  upper s t a t e  from 

a r o t a t i o n a l  ana lys i s  and from these determined the  v ib ra t iona l  con- 

s t an t s  accurately.  

The system i s  a l s o  readi ly  observed i n  absorption. Tanaka e t  a 1  

(1957) invest igated the  absorption spectrum of  CO and observed band 

heads up t o  an upper v ibra t iona l  l e v e l  v '  =20 from t h e  ground l e v e l  

v = 0 and up t o  v = 1 3  from the  vl' = 1 l e v e l .  
I t  I 

A spectrum of the  band system up t o  2300 A i s  shown i n  Figure 3 . 4 .  

Beyond t h a t  wavelength the  bands a r e  very weak and CO+ bands predominated 
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i n  the  AC condensed discharge used t o  exc i te  t h e  spectrum. Pressure 

i n  the  discharge was approxhate ly  0.2 mm Hg, while t he  spectrograph 

pressure was 10-3 mm Hg. Exposure t h e  was 30 minutes and s l i t  width 

was .01 mm. 

Included i n  the  spectrum of the  CO Fourth Pos i t ive  system a r e  

1 3  bands which have not previously been observed. 

i n  the  Deslandres t ab le  o f  wavelengths of a l l  observed bands below 

2300 A (Table 3.3) and a r e  underlined f o r  reference.  The wavelengths 

l i s t e d  f o r  those bands a r e  as calculated from t h e  molecular constants  

determined by Read (1934). 

They a r e  included 

2 +  3.5 N2' Second Negative System C - X - 
The Second Negative system cons is t s  o f  some f i f t y  bands i n  the  

region 2100 A t o  1370 A .  It was f i r s t  observed by Hopfield (1930) 

i n  emission i n  a helium-nitrogen mixture. 

invest igated by Watson and Kuntz (1934) who i d e n t i f i e d  i t  a s  a N2+ 

t r a n s i t i o n  with the  same lower s t a t e  a s  t h e  F i r s t  Negative system. 

They made a t e n t a t i v e  vibrat ional  assignment, but a f u r t h e r  i nves t i -  

gation of t h e i r  p l a t e s  by Setlow (1948) suggested a renumbering of t he  

upper l e v e l s ,  

who observed t h e  isotope s h i f t s  i n  these bands and obtained v ib ra t iona l  

constants f o r  t he  upper s ta te .  

made more recent ly  on the  Second Negative system by Douglas (1952), 

Wilkinson (1956) and C a r r o l l  (1959). 

The system was f u r t h e r  

The l a t t e r  was confirmed by Baer and Miescher (1952) 

High reso lu t ion  measurements have been 

The system i s  most strongly excited i n  a helium-nitrogen mixture 

It i s  i n  e i t h e r  a condensed discharge o r  a hollow cathode discharge. 
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a l s o  excited i n  a pure nitrogen discharge,  but  not  a s  strongly and 

with a markedly d i f f e ren t  i n t ens i ty  d i s t r ibu t ion .  

a t t r i b u t e d  t o  resonance exci ta t ion of t h e  v1 = 3 l e v e l  by He+ (ioni-  

zat ion po ten t i a l  24.58 ev) . It was suggested by Douglas (1952) t h a t  

t h i s  effect w a s  more probably a case of inverse predissociat ion - 
a ni t rogen ion  and a nitrogen atom coming together and undergoing a 

r ad ia t ion le s s  t r a n s i t i o n  i n t o  the  V I  = 3 l e v e l .  A normal i n t e n s i t y  

d i s t r i b u t i o n  i s  obtained when neon i s  used ins tead  of  helium with 

ni t rogen.  

This was o r ig ina l ly  

Spectra of  t h e  Second Negative system a r e  i l l u s t r a t e d  by Tanaka 

They show the  marked d i f fe rences  e t  a 1  (1961) and Wilkinson (1961). 

i n  i n t e n s i t y  d i s t r i b u t i o n  under various exc i t a t ion  conditions.  



CHAPTER Iv 

INTENSITY CALIBRATION TECHNIQUES 

IN THE VACUUM ULTRAVIOLET 

4.1 Introduction 

For the measurement of rad ia t ion  i n t e n s i t i e s  it i s  necessary t h a t  

some form of i n t e n s i t y  standard be ava i lab le  t o  detelmine the  r e l a t i o n  

between the  response of  t he  spectrometer and the  t r u e  i n t e n s i t y  d is -  

t r i b u t i o n  of the  rad ia t ion  inc ident  on the  spectrometer. 

i s  straightforward i n  the  v i s i b l e  and near  u l t r a v i o l e t  regions where 

The so lu t ion  

black body radiat ion can be employed as a r ad ia t ion  standard, but i n  

the  vacuum u l t r a v i o l e t  no completely sa t i s f ac to ry  techniques have been 

developed t o  da te .  

The electromagnetic r ad ia t ion  from c e n t r i p e t a l l y  accelerated high 

energy electrons has been suggested a s  a r ad ia t ion  standard by Tomboulian 

and Hartman (1956). It possesses the  advantages t h a t  it i s  continuous, 

of high in tens i ty ,  and covers a wide spec t r a l  range. The rad ia t ion  

extends from t he  s o f t  x-ray region through t o  t h e  v i s i b l e ;  t h e  r e l a t i v e  

i n t e n s i t y  d i s t r ibu t ion  and the  pos i t ion  of  t h e  maximum can be ca lcu la ted  

from the  energy o f  the  beam. Unfortunately the re  are many inst rumental  

d i f f i c u l t i e s  and t o  da t e  i t s  only  appl ica t ion  has been as a background 

54 
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continuum f o r  absorption studies.  The continuum radia t ion  of a 180 MeV 

e lec t ron  synchrotron has been u t i l i z e d  f o r  such work by Madden and 

Codling (1964). 

Another means of determining absolute  i n t e n s i t i e s  i s  based on t h e  

photoionization of the  r a r e  gases. The photoionization y i e ld  of  such 

gases i s  approximately unity f o r  photons whose energy i s  grea te r  than 

the  ion iza t ion  po ten t i a l  of the  gas. 

one of the  rare gases, such a s  xenon with ion iza t ion  po ten t i a l  12.13 ev 

( 

t o  measure incoming radiat ion absolutely up t o  about 1000 A .  Samson 

(1964) has used such a device t o  measure the  quantum yie ld  of sodium 

s a l i c y l a t e  a s  a function of wavelength from 400 t o  1000 A .  

Thus an absorption c e l l  containing 

= 1022 A),  and a p l a t e  t o  c o l l e c t  t h e  photo-electrons can be used 

While t h i s  technique i s  usefu l  f o r  measuring de tec tor  response 

i t  cannot be used d i r e c t l y  t o  determine gra t ing  response;thus it i s  

not an adequate means of ca l ibra t ing  a complete instrument. 

it i s  l imi ted  t o  the  shorter wavelengths - even f i l l i n g  the  absorption 

c e l l  with n i t r i c  oxide, which has an ion iza t ion  po ten t i a l  of j u s t  9.25 ev, 

would extend i t s  useful  range up t o  only 1343 A. 

Moreover 

Various o ther  techniques have been employed including measurements 

of  continua emitted by discharges i n  hydrogen and c e r t a i n  of  t he  inert  

gxses. 

regions and a r e  not  adequately reproducible. 

4 . 2  Analysis of Problem 

These continua however usual ly  extend over l imi ted  spec t r a l  

Before discussing ca l ibra t ion  techniques attempted i n  the  present 

study it i s  worthwhile t o  consider ind iv idua l ly  the  various parameters 
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which w i l l  determine the  overa l l  eff ic iency of  the  spectrometer. 

It i s  possible with t h i s  approach t o  determine, a t  l e a s t  qua l i t a t ive ly ,  

the  response o f  t h e  spectrometer a s  a function of wavelength. 

th ree  parameters i n  t h i s  case a re :  

The 

(1) the gra t ing  r e f l e c t i v i t y ,  

(2) the de tec tor  response, 

(3)  the gra t ing  eff ic iency.  

4.2.1 Grating Ref lec t iv i ty  

The r e f l ec t ion  coe f f i c i en t  of aluminum, the  gra t ing  surface,  i s  

e s s e n t i a l l y  constant through the  v i s i b l e  region and down t o  about 

2000 A .  

1000 A.  

surface short ly  a f t e r  being exposed t o  a i r .  

Below t h a t  i t  f a l l s  off r a the r  l i n e a r l y  t o  near ly  zero a t  

This i s  due t o  t he  oxide l aye r  t h a t  forms on the  aluminum 

Hass and Tousey (1959) observed t h a t  when a f r e sh  aluminum surface 

i s  coated with magnesium f luo r ide  a l a rge  increase  in ref lec tance  i n  

the  extreme u l t r a v i o l e t  i s  obtained. T h i s  coating not  only prevents 

oxidation of t he  aluminum surface but somewhat enhances the  re f lec tance  

of t h e  surface through in te r fe rence  e f f e c t s .  The re f lec tances  of day 

old and year old aluminum surfaces  and of  a f r e s h  aluminum surface t o  

which MgF2 has been added, as measured by Hass and Tousey over t h e  

wavelength in t e rva l  2000 t o  1000 A, a r e  shown in Figure 4.1. 

marked enhancement of ref lectance of the  MgF2 coated aluminum surface 

i s  apparent below 1600 A .  The exact shape of t h e  curve above t h a t  

wavelength i s  somewhat dependent on the  thickness  of t h e  magnesium 

The 

f luo r ide  layer .  



Wavelength in Angstrom Units 

r 

Figure 4.1 Reflectivity of Aluminum Surfaces 

Due t o  extremely poor performance of t he  o r ig ina l  grat ing,  not iced 

A new gra t ing  coated espec ia l ly  below 1500 A, two measures were taken. 

with MgF2 was ordered from Bausch and Lomb, and an attempt was made t o  

improve the  o r ig ina l  grat ing by adding a MgF'2 coating. 

The gra t ing  was taken t o  Bausch and Lomb by the  author where it 

w a s  cleaned, a f r e sh  coat of  aluminum deposited on the  surface,  and a 

MgF2 coating added. 

following this treatment. 

The ref lectance a t  1215 A was measured a t  71% 

The success of  this venture was due l a r g e l y  

t o  t he  ass i s tance  and advice provided by M r .  D. Richardson of Bausch 

and Lomb. 

On returning the  grat ing t o  the  spectrograph an increase  in ef f ic -  

iency over previous performance of  15  times was measured a t  1215 A and 

40 times a t  1026 A .  

the  same as before, while response a t  304 A and below was somewhat poorer. 

Response a t  584 A and above 1600 A was approximately 
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These observations a r e  r a the r  comparable t o  measurements by Wilkinson 

and Angel (1962) on a s imi la r ly  coated g ra t ing ;  they reported an 

improvement of 20 times a t  1215 A .  

It would appear safe t o  conclude t h a t  t he  r e f l e c t i v i t y  of t h e  

MgF2 coated g ra t ing  i s  o f  the  form shown i n  Figure 4.1, t h a t  i s ,  

r e l a t i v e l y  constant down t o  about 1200 A .  

4.2.2 Detector Response 

Photomultipliers with a sodium salicylate fi lm added t o  the  window 

surface have become wide1.y used a s  de t ec to r s  f o r  t he  u l t r a v i o l e t  region, 

as discussed i n  sec t ion  2.6. The sodium s a l i c y l a t e  fluorescence occurs 

i n  a wavelength region centred about 4400 A t h a t  matches t h e  wavelength 
* 

of maximum s e n s i t i v i t y  of most photomultipliers.  

It has general ly  been considered t h a t  t h e  r e l a t i v e  quantum y i e l d  

of sodium sa l i cy la t e  i s  constant over a wide s p e c t r a l  range. 

measurements however, by a number of workers, have indicated t h a t  t h i s  

i s  only approximately so  and under c e r t a i n  conditions the  quantum y i e l d  

may decrease markedly. 

Recent 

The re la t ive  quantum y ie ld  of f r e s h l y  prepared samples of sodium 

salicylate of  thickness 1.5 - 7 mg/cm2 i n  the  s p e c t r a l  region 900 t o  

2200 A, obtained from measurements by Kr i s t i anpo l l e r  and Knapp (1964) 

and Knapp and Smith (1964) , a r e  shown i n  Figure 4.2. The y i e l d  of a 

20 day o ld  sample i s  a l s o  shown. This aging e f f e c t  i s  qu i t e  pronounced 

below 1600 A and may continue u n t i l  t he  y i e l d  a t  900 A i s  only one-third 

of t h a t  a t  1600 A isamson (1964)] . 



59 

I ‘  

I -  

, 

IO ‘ 

h 8 -  
(I) c c 
3 
2 

3 Y 61 

IO - 

h 8 -  

2 e 0 4  c 6-  

After L-4’ 

(I) c c 
3 

0.’ 3 Y 

F” 4- 

460 HR U 

2- 

0 I I I I I I I 
lo00 1200 I400 I600 1800 2000 2200 

Wavelength (2) 
Rgure 4.2 Relative Quantum Yield of Sodium Salicylate 

x Kristianpdler and Knapp (1884) 
Know and smith (1984) 

Ol I I I I I I I 
lo00 1200 I400 I600 1800 2000 2200 

Wavelength (2) 
Rgure 4.2 Relative Quantum Yield of Sodium Salicylate 

The o ther  f ea tu re  noted i s  the  decrease i n  y i e ld  between 2200 A 

This decrease amounts t o  about 20% f o r  the  thickness of and 2000 A .  

coating required f o r  maximum ef f ic iency  (>1.5 mg/cm2). 

do not  show the  same decrease, but t h e i r  e f f ic iency  i s  lower and they 

a r e  more subject  t o  f a t igue  e f f e c t s  when subject  t o  high l e v e l s  of 

r ad ia t ion  [Knapp and Smith (1964)l . 

Thinner f i lms  

More recent ly  Allison e t  a1 (1964) suggest t h a t  t h i s  apparent l o s s  

in e f f i c i ency  i s  due t o  contamination by d i f fus ion  pump o i l ,  s ince the  

y i e ld  of sodium s a l i c y l a t e  i s  found t o  be s t a b l e  f o r  long per iods i n  

dry a i r  o r  a clean vacuum. 

l i q u i d  ni t rogen t r a p s  t o  reduce o i l  contamination of  t he  i n t e r i o r  of 

the  spectrometer. 

The only way t o  remedy t h i s  would be t o  use 
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It i s  thus seen t h a t  de tec tor  response can be maintained reasonably 

constant only i f  age and fa t igue  e f f e c t s  and/or contamination e f f e c t s  

a r e  avoided, and even then one must expect deviat ions of up t o  25% a t  

2000 A and below 1400 A. 

4.2.3 Grating Eff ic iency 

The eff ic iency of a grat ing changes g rea t ly  with wavelength s ince 

gra t ings  a r e  ord inar i ly  blazed t o  concentrate the  spec t r a l  energy i n t o  

a desired angular region. 

angle of t he  ruled grooves of the  grat ing.  

respect  t o  the grat ing n o m 1  i s  ca l led  the  blaze angle. 

of  t he  l i g h t  f o r  which t h e  angle of r e f l e c t i o n  from the  groove face  

and the  angle of d i f f r ac t ion  from the  gra t ing  a r e  the  same i s  the  blaze 

wavelength, h b .  

wavelength; the  blaze wavelength f o r  higher  orders  i s  determined by 

the  blaze wavelength divided by the  order number. A gra t ing  i s  most 

e f f i c i e n t  a t  i t s  blaze wavelength, and in high qua l i ty  gra t ings  this 

e f f ic iency  may be a s  high a s  80 - 90%. 

This i s  accomplished by cont ro l l ing  the  face 

The groove face  angle with 

The wavelength 

This value i s  usual ly  specif ied a s  t he  f i r s t  order 

Richardson (1964) has found t h a t  a s  a general  rule gra t ing  eff ic iency 

has dropped t o  about one-half the  peak ef f ic iency  a t  3/2 

Thus if one has de f in i t e  information or measurement which def ines  the  

blaze wavelength i t  i s  possible  t o  p red ic t  q u a l i t a t i v e l y  how t h e  g ra t ing  

should pe r fom a t  any wavelength. 

b and 2/3 b. 

The manufacturer's spec i f ica t ion  of t he  present g ra t ing  was a 2' 

blaze angle, corresponding t o  a blaze wavelength of 1200 A i n  t he  f i rs t  

order. 
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4.2.4 Combined ?Effect 

The above three parameters w i l l  together  determine the  overa l l  

response of  the spectrometer. From t h i s  discussion of the wavelength 

dependence of each it i s  possible t o  p ic ture  t h e i r  combined e f f e c t  

and thus t o  a r r i v e  a t  a good estimate of the  r e l a t i v e  s e n s i t i v i t y  of 

the  spectrometer as a function of wavelength. This can be of con- 

s iderable  value i n  assessing t h e  r e l i a b i l i t y  of ca l ibra t ion  measure- 

ments. This point will be discussed f u r t h e r  in section 4.4. 

4.3 Calibration Methods and Results 

Four d i f f e r e n t  ca l ibra t ion  techniques were invest igated i n  the  

hope t h a t  one or  more would prove of value and t h a t  individual ly  or 

col lec t ive ly  they would provide a r e l i a b l e  measure of spectrometer 

s e n s i t i v i t y  as a function of wavelength. 

the use of Cerenkov radiat ion and a carbon a r c  as rad ia t ion  standards. 

The third method involved observation of shor t  wavelength atomic l i n e s  

i n  higher d i f f r a c t i o n  orders, and the l as t  method u t i l i z e d  a number of 

atomic l i n e s  whose r e l a t i v e  i n t e n s i t i e s  could be calculated.  

4.3.1 Cerenkov Radiation 

The f i r s t  two methods involved 

When a f a s t  charged p a r t i c l e  t r a v e l s  through a transparent medium 

with a ve loc i ty  grea te r  than t h e  speed of l i g h t  i n  the medium a n  o p t i c a l  

"shock wave" known as Cerenkov rad ia t ion  is generated. 

photons dN emitted as Cerenkov rad ia t ion  per u n i t  path length per  par- 

t i c l e  i s  given by 

The number o f  
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where A i s  a constant, B i s  the  r a t i o  of t he  ve loc i ty  of t he  p a r t i c l e  

t o  t h e  ve loc i ty  of l i g h t  i n  the  medium and n(  

f r a c t i o n  of  t h e  medium. The rad ia t ion  i s  emitted i n  a cone of ha l f  

angle 8 t o  t he  or iginal  beam d i r ec t ion  where 

) i s  the  index of re- 

(4.2) 
1 
an 

cos e = - 

The theory i s  discussed f u l l y  by Je l l ey  (1958). The s ign i f i can t  

point here  i s  tha t  the  energy radiated i s  inverse ly  proportional t o  

X3,  f o r  constant /3 and n. 

This radiat ion appears t o  have appl ica t ion  t o  t he  vacuum u l t r a -  

v i o l e t  region as a standard source s ince i t s  i n t e n s i t y  a s  a funct ion 

of wavelength can be calculated and, contrary t o  most sources, i t s  

i n t e n s i t y  rap id ly  increases  towards shor te r  wavelengths. 

ments a r e  readi ly  seen - a source of e lec t rons  of  s u f f i c i e n t  energy 

and a medium which w i l l  transmit the  short  wavelength rad ia t ion  generated. 

The require- 

It has been confirmed experimentally t h a t  t h e  r ad ia t ion  i s  of  t he  

Rich e t  a 1  (1953) measured the  spec t r a l  d i s -  spec t r a l  form predicted. 

t r i bu t ion  of t he  Cerenkov r ad ia t ion  induced i n  water by gamma rays 

from a Co60 source and found good agreement with theory between 6000 A 

and 3500 A. 

300 mg radium source, and a l s o  3 m i l l i c u r i e s  of P32 i n  water gave 

Cerenkov rad ia t ion  o f  the  expected spec t ra l  d i s t r i b u t i o n  from 5000 A 

t o  3000 A .  

A similar experiment by Greenfield e t  a1 (1953) using a 

While a choice of several  mater ia l s  i s  ava i l ab le  a s  media above 

3000 A,  l i th ium f luoride i s  one of  t h e  f e w  ma te r i a l s  which w i l l  t ransmit  

~ 
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well  down i n t o  the  vacuum u l t r av io l e t  region. 

and i t s  index of r e f r ac t ion  has been measured down t o  1200 A (Schneider 

(1936)). 

It does not  f luoresce 

For preliminary s tudies  a 20 m c .  Stgo source, emitt ing mainly 

2 . 2  MeV rays, was used with LiF as a r ad ia to r .  Su f f i c i en t  thick-  

ness was used t o  s top the  P rays.  The source and LiF absorber were 

placed i n  the  evacuated spectrograph immediately i n  f r o n t  of t he  s l i t  

and attempts were made t o  record the  Cerenkov rad ia t ion  photographically. 

Nothing was recorded however, even with exposures up t o  100 hours 

durat ion with a 2 mm wide s l i t .  

The e lec t ron  beam from a 6 MeV microtron was made ava i l ab le  through 

the  courtesy of  Dr. E. Brannen and M r .  V. Sells  and the  study was pur- 

sued using a 9/16 inch thick LiF block a s  an absorber. The source was 

su f f i c i en t ly  s t rong (equivalent t o  several  cu r i e s )  t h a t  t he  Cerenkov 

rad ia t ion  was c l e a r l y  v is ib le ,  having a bluish-white appearance. 

were obtained with a Hilger F4 quartz spectrograph; they showed a con- 

tinuum extending d o m  t o  about 2750 A where the re  appeared t o  be a 

sharp cut-off. 

Spectra 

To examine the  spectrum more ca re fu l ly  an Eber t  $ meter scanning 

spectrometer was s e t  up a t  about 45' from the  beam axis and a t  a d i s -  

tance of about 50 cm from the LiF source. 

3500 A t o  2000 A ( the end of t he  scanning range of t he  spectrometer) 

was scanned using a 2 mm s l i t  width. 

a l l  showing a continuum gradually increasing i n  i n t e n s i t y  down t o  about 

3000 A and then dropping off r a t h e r  sharply t o  zero by about 2600 A.  

The spec t r a l  region f rom 

A number of spectra  were obtained, 
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There was a small amount o f  rad ia t ion  recorded below 2300 A .  

average o f  four  spectral  scans each using d i f f e r e n t  a reas  of  t h e  

Lj_F block as absorber i s  shown i n  Figure 4.3a. 

The 

I 

This raw data was converted t o  t r u e  r e l a t i v e  i n t e n s i t y  by measuring 

the  spec t r a l  response of t he  spectrometer and the  op t i ca l  transmission 

of t he  LiF block both as functions of wavelength. 

i s  p lo t ted  i n  Figure 4.3b. 

found t h a t  t he  transmission of the  LiF block decreased sharply t o  ze ro  

beyond t h i s  point .  

The r e su l t i ng  da ta  

It i s  terminated a t  2900 A because it w a s  

This was  found t o  be due t o  the  formation of F-centres i n  t h e  LiF 

crystal which resulted i n  a broad absorption band peaked a t  about 2420 A. 

The formation of F-centres i n  LiF crystals exposed t o  x-ray or p a r t i c l e  

bombardment has been studied by Delbecq and Pringsheim (1953) and others .  

The deviation o f  t he  Cerenkov spectrum above 3000 A f rom a l/h 

I 

3 

type d i s t r i b u t i o n  (also shown i n  Figure 4.3) may be explained i n  one 

o r  more of  the  following ways. The op t i ca l  transmission of t h e  I;iF 

block was measured 24 hours a f t e r  t he  rad ia t ion  measurements and i t s  

proper t ies  may have changed somewhat in t h a t  time, s ince  a secondary 

absorption band centred a t  3450 A has been observed by Pringsheim and 

Yuster (1950) a t  lower temperatures. 

i s  dependent upon the index of r e f r ac t ion  of LiF, as shown i n  equation 

4.1, and n does change slowly with wavelength. 

angle of t he  spectrometer a few degrees however d id  not appear t o  change 

subs t an t i a l ly  t h e  spec t ra l  d i s t r ibu t ion .  

mu l t ip l i e r  was rather  l a rge  when the  microtron was operat ing and this 

The angle of emission of r ad ia t ion  

Varying the  viewing 

Noise pickup by t h e  photo- 
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resu l ted  i n  a l o w  s igna l  t o  noise r a t i o  a t  t he  two extremit ies  of 

the  spec t ra l  region. 

These preliminary s tudies  indicated t h a t  Cerenkov rad ia t ion  with 

LiF a s  the  medium w a s  of  no value as a r ad ia t ion  standard i n  the  u l t r a -  

v i o l e t ,  due t o  the extreme s e n s i t i v i t y  of LiF t o  rad ia t ion  not  only above 

2000 A a s  shown i n  t h i s  study but a l so  a t  shor te r  wavelengths as dis-  

cussed i n  sect ion 2.4 .  

Possible a l t e rna t ives  might be e i t h e r  magnesium f luo r ide  o r  calcium 

This f luor ide  which a re  normally transparent i n  the  vacuum u l t r a v i o l e t .  

would require  fu r the r  s tud ies  of  the op t i ca l  p roper t ies  of these c r y s t a l s .  

It i s  doubtful tha t  e i t h e r  would prove s a t i s f a c t o r y  however a s  a l l  t he  

a l k a l i  ha l ides  react  somewhat s imi la r ly  i n  the  formation of  colour 

cent res  when exposed t o  p a r t i c l e  bombardment. 

a t  high pressure as  a Cerenkov chamber i s  a d i s t i n c t  p o s s i b i l i t y .  

i s  i n t e r e s t i n g  t o  note  t h a t  Heddle e t  a1 (1963) used such a c e l l  of 

nitrogen a t  pressures of 10 t o  20 atmospheres i n  a similar experiment 

but with a d i f fe ren t  object ive - t o  measure the  index o f  r e f r ac t ion  of  

N 2  a t  short  wavelengths. 

4 . 3 . 2  High Order Di f f rac t ion  

The use of a c e l l  of gas 

It 

A measure of t he  blaze wavelength and the  gra t ing  response can 

be obtained r e l a t ive ly  simply by observing shor t  wavelength l i n e s  i n  

higher orders and measuring t h e i r  r e l a t i v e  i n t e n s i t i e s  i n  the  var ious 

orders.  I n  spec t ra l  regions where the  re f lec tance  o f  t he  gra t ing  and 

the  s e n s i t i v i t y  of t he  de tec tor  a r e  constant such measurements w i l l  

give a d i r e c t  measure of spectrometer eff ic iency.  

l imi t a t ions  t o  this technique and a number of precautions which must 

be taken. 

There are na tu ra l ly  
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An example of the appl icat ion of this  technique i s  measurement 

of t he  r e l a t i v e  brightness of t he  He1 584 A l i n e  i n  the  f i r s t  t o  

f i f t h  d i f f r a c t i o n  orders - corresponding t o  f i rs t  order wavelengths 

of 584, 1169, 1753, 2337 and 2921 A respect ively.  

t o  take account of  the  constant quantum eff ic iency of  the  de tec tor ,  

t o  place these measurements on a meaningful scale .  

i s  i l l u s t r a t e d  by considering a photon of wavelength 2921 A; i t s  

energy i s  only 1/51 t h a t  of a photon of wavelength 584 A, and y e t  t he  

de tec tor  cannot discriminate between the  two photons. 

standpoint of s e n s i t i v i t y  the de tec tor  i s  r e a l l y  5 times more sensi- 

t i v e  a t  2921 A than the  higher order measurement suggests. 

factor i s  most ea s i ly  taken i n t o  account by multiplying each measured 

brightness by the order number n .  

a s  measures of  r e l a t i v e  spectrometer e f f i c i enc ie s  a t  t h e  equivalent 

wavelengths o f  the  higher order l i n e s .  

It i s  necessary 

This necess i ty  

Thus from a 

This 

The r e s u l t s  will then be meaningful 

Such measurements can b e  used only when no other  spec t r a l  l i n e s  

o r  bands a r e  present a t  higher order  wavelengths and this i n  general 

w i l l  l i m i t  one t o  simple atomic l i n e s .  

l i n e s  of very shor t  wavelength such t h a t  they can be observed in many 

orders;  one such l i n e  i s  the He I1 304 A l i n e ,  which unfortunately i s  

not  e a s i l y  observable with the present grat ing.  

It i s  most e f f e c t i v e  using 

A hollow cathode DC discharge (described i n  sect ion 4.3 .4 .2)  proved 

t o  be a sa t i s f ac to ry  source f o r  such measurements, using gases f i l t e r e d  

by a l i qu id  a i r  t r ap .  

s t ab le  and br ight  t h a t  r e l a t ive  i n t e n s i t y  measurements could be made 

photoe lec t r ica l ly .  

This type of discharge provided l i n e s  su f f i c i en t ly  
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Atomic l i n e s  used were He1 584 A, Ne I1 736 A and H 1216 A, 

excited i n  helium, neon and hydrogen discharges respect ively.  Results 

a r e  tabulated i n  Table 4.1; i n  each case measurements a r e  r e l a t i v e  

t o  the  f i r s t  order  i n t ens i ty .  The r e s u l t s  a r e  shown graphical ly  in 

Figure 4.10. 

Table 4 . 1  

Higher Order Measurements of Atomic L i n e s  

Order Atomic Equivalent Relat ive 
Number Line Wavelength Signal  Rel. Signal xn 

n (A 1 (A 1 
1 He1 584 1 .oo 1 .oo 
2 1169 1.08 2.17 
3 1753 1 .42  4.26 
4 2337 1 . 9 3  7.32 
5 29 21 2.02 10.10 

1 Ne11 736 1.00 1.00  
2 1472 1.90 3.80 
3 2208 2.71 8.13 
4 2944 3.10 12.40 

1 H 1216 1 .oo ,1.00 
2 2431 1.56 3.12 

The f igu res  i n  column 4 correspond t o  t he  r e l a t i v e  eff ic iency 

of the  gra t ing  a t  t h e  wavelengths specif ied i n  column 3 while t h e  

data  i n  column 5 should correspond approximately t o  t h e  r e l a t i v e  

e f f ic iency  of t he  spectrometer a s  a whole, f o r  a l l  wavelengths f o r  

which the  gra t ing  r e f l e c t i v i t y  i s  constant.  The th ree  s e t s  of 

measurements a r e  independent; t o  compare with one another i t  would 

be necessary t o  normalize them a t  some wavelength where t h e  spectro- 

meter response i s  known. 

These measurements show conclusively t h a t  t h e  g ra t ing  e f f ic iency  

i s  increasing t o  well above 2000 A .  It i s  no t  poss ib le  t o  def ine the  
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blaze wavelength s ince measurements above 3000 A could not be made; 

i t  would seem however t h a t  the blaze wavelength i s  i n  the  v i c i n i t y  o f  

2900 A (o r  higher) .  

4.3.3 Carbon Arc 

The rad ia t ion  from the pos i t ive  c r a t e r  of a pure carbon arc has 

found many uses due t o  i t s  high i n t e n s i t y ,  but a l s o  has proven t o  be 

very useful as a rad ia t ion  standard because of the reproducib i l i ty  

of i t s  spec t r a l  energy d is t r ibu t ion .  When the  a rc  i s  burning s t ead i ly  

the  c r a t e r  r ad ia t e s  s imilar ly  t o  a black body a t  approximately 3800°K, 

except f o r  cyanogen molecular rad ia t ion  a t  c e r t a i n  wavelengths. 

of t he  carbon a r c  as an in t ens i ty  standard has been suggested and d is -  

cussed by Macpherson (1940) and more recent ly  by N u l l  and Lozier (1962). 

Use 

The spec t r a l  region of i n t e r e s t  i n  t he  present case of course i s  

t h a t  below 3000 A. 

f rom 3000 t o  2500 A; below t h i s  t he  r ad ia t ion  cons is t s  l a r g e l y  of cyanogen 

r ad ia t ion  from the  a rc  stream. 

emission from the  a r c  stream and measured t h e  spec t ra l  radiance of t h e  

carbon a r c  from 2500 A down to  t h e  a i r  cu t  o f f  a t  1850 A, by using a 

gra t ing  monochromator with a d i f f r a c t i o n  g ra t ing  previously ca l ib ra t ed  

by a double monochromator technique and a photomultiplier coated with 

sodium s a l i c y l a t e .  H i s  measurements were made by viewing t h e  pos i t i ve  

c r a t e r  end on through a small aper ture  t o  e l iminate  contr ibut ions from 

the  a r c  stream surrounding the c r a t e r .  

by him a r e  shown i n  Figure 4.4. The r e l a t i v e  contr ibut ions o f  t h e  

c r a t e r  and the  a rc  stream are shown. The carbon l i n e s  a t  1931 and 

2478 A appear prominently i n  t he  spectrum. 

The carbon a r c  r ad ia t e s  e s sen t i a l ly  a s  a black body 

Johnson (1956) has invest igated the  

Spec t ra l  radiances obtained 
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WAVELENGTH (ANGSTROMS) 

Figure4.4 Spectral Radiance of Carbon Arc [Johnston (1956)l 
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Since a carbon a r c  designed f o r  spectroscopic work was ava i lab le  

i t  was decided t o  use it t o  measure ove ra l l  spectrograph ef f ic iency  

from 3000 A down t o  1900 A. 

No p a r t i c u l a r  precautions were required f o r  t h e  upper region 3000 

t o  2500 A,  other  than proper i l luminat ion of the  grat ing.  

i s  e s sen t i a l ly  a point  source i t  il luminated only a v e r t i c a l  s t r i p  

of t he  gra t ing  approximately15 mm wide. 

applicable t o  t h e  whole grating, ca l ib ra t ions  were ca r r i ed  out  with 

the  center  of t he  gra t ing  illuminated, then s t r i p s  20 mm on e i t h e r  s ide  

of  the  center  and an average of  the  three  was taken. 

differences were detected across the surface of  t he  grat ing,  the same 

techniques were employed f o r  t he  l o w e r  region of the  ca l ib ra t ion  2500 - 
1900 A .  

A s  t he  arc 

Thus t o  obtain measurements 

While no appreciable  

In  order t o  obtain r e l i ab le  data  from 2500 t o  1900 A it was necessary 

t o  dupl ica te  as c lose ly  as possible the  operating conditions employed 

by Johnson (1956). 

carbon pos i t ive  electrode and a 1/8" graphi te  negat ive electrode.  

rad ia t ion  was f i l t e r e d  by 120 cm of a i r  and recorded with a spec t r a l  

Those measurements were obtained using a 5/16!! 

The 

reso lu t ion  of 11 A .  

conditions required 

l ine  the  techniques 

A nicke l  p l a t e  

f r o n t  of  the  carbon 

The experimental arrangement t o  dupl ica te  these  

some minor improvising so i t  i s  worthwhile t o  out- 

employed. 

with a 2.4 mm diameter hole was mounted 2 cm in 

a r c  anode. This l imi ted  the  region viewed t o  the  

center  of t h e  c r a t e r  area.  

of the entrance s l i t  of the spectrograph, a s  c lose  a s  physical ly  possible .  

The carbon a r c  was placed 50 cm in f r o n t  
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of  120 cm between source and de tec tor  was 

the  spectrograph t o  approximately 90 mm of Hg. 

S l i t  widths of 1 . 9 3  mm were required t o  obtain a spec t r a l  resolu- 

t i on  of 1 1 A .  

a maximum opening of only 1 mm. 

by temporarily widening one of the f ixed s l i t s .  

e s sen t i a l  t o  avoid instrumental  e r ro r s  i n  measurements of spec t r a l  

radiance below 2500 A. 

This necessi ta ted the removal of  t he  p r e s l i t  which had 

A su i t ab le  e x i t  s l i t  was obtained 

This dupl icat ion was 

The carbon arc w a s  operated a t  a current  of 12.0 2 0.5 amperes 

and a voltage of approximately 70 vo l t s .  

minor f luc tua t ions  i n  the  current ,  however observations indicated t h a t  

a s  long as the  current  w a s  maintained near t he  maximum l e v e l  before 

unsteadiness and sput te r ing  occurred, t h e  temperature and output of 

t he  arc remained reasonably constant.  

It was impossible t o  avoid 

The spectrum was scanned a t  the  rate of 100 A per  minute, t h e  

Very l a rge  l i g h t  f luxes  were inc ident  on maximum avai lable  speed. 

t he  photomultiplier, due t o  the  combination of t h e  wide s l i t s  and t h e  

high in t ens i ty  source. The photomultiplier w a s  therefore  operated a t  

a reduced voltage (approximately 700 v o l t s )  ; measured cur ren ts  were 

of the  order o f  10-8 amperes. 

Scattered l i g h t  was na tu ra l ly  a ser ious problem using a source 

of t h i s  type. It was reduced somewhat by masking, but  s t i l l  amounted 

t o  about 1 /3  of  t h e  t o t a l  signal a t  t he  weakest p a r t  of t h e  spectrum. 

The s t r ay  l i g h t  l e v e l  did not  change with wavelength below the  air 

cutoff a t  1800 A. I t s  contr ibut ion through the  s p e c t r a l  range t o  
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3000 A was measured by placing a 0-54 Corning f i l t e r  (which t rans-  

mitted only above 3000 A) i n  f r o n t  of the  source and scanning over 

t he  range. 

constant from 1700 A through t o  3000 A, except for a spurious s igna l  

caused by some s o r t  of r e f l ec t ion  a t  2150 t o  2200 A. 

The s t r ay  l i g h t  signal. l e v e l  was found t o  be approximately 

A representat ive scan i s  shown i n  Figure 4.5, with t h e  t o t a l  

signal measured, and the contribution from sca t te red  l i g h t .  The 

t r u e  s igna l  was obtained by subtract ing the  sca t te red  l i g h t  f rom the  

t o t a l  s ignal .  

It was o r ig ina l ly  assumed t h a t  t he  transmission of the  LiF window 

i n  t h e  spectrograph would be approximately constant from 3000 t o  1900 A. 

Transmission measurements showed t h i s  was t r u e  only down t o  2500 A. 

From 2500 t o  1900 A t h e  transmission of the  p a r t i c u l a r  winciow used 

during the  ca l ib ra t ion  measurements decreased gradually from 53% t o  45%. 

This f a c t o r  had t o  be taken i n t o  account i n  a r r iv ing  a t  spectrometer 

s e n s i t i v i t y  values. 

The upper spec t r a l  region from 2500 t o  3000 A was covered with 

the  same a r c  conditions,  but with the  spectrograph s l i t s  closed down 

t o  0.1 mm. Spectral  radiances f o r  a black body a t  3800°K were obtained 

from Pivovonsky and Nagel (1961). 

To decrease t h e  e f f e c t  of random f luc tua t ions  i n  carbon arc inten- 

s i t y  approximately 10 runs were made i n  each of  t he  two spec t r a l  ranges, 

and the  r e s u l t s  averaged. For t he  region above 2500 A def lec t ions  were 

measured every 50 A; below 2500 A wavelengths f o r  which spec t r a l  radiances 

were known were used, i n  general about every 50 A i f  possible .  Dividing 

the  measured s igna l  a t  each wavelength by the  spec t r a l  radiance and 
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applying a transmission correction f a c t o r  where appl icable  provided 

a measure of r e l a t i v e  spectrometer e f f ic iency  a t  each wavelength. 

The values below 2500 A were matched t o  those above by normalizing 

the  sca les  t o  give equal s e n s i t i v i t i e s  a t  2500 A .  

were normalized t o  a value of 100 a t  t h e  wavelength of peak s e n s i t i v i t y ,  

which w a s  2850 A .  

Fina l ly  the  values 

The r e s u l t s  a r e  l i s t e d  i n  Table 4.2 and shown graphical ly  i n  

Figure 4.10. 

4.3.4 Atomic Line In t ens i t i e s  

4.3.4.1 Theory 

The method i s  based on observations of p a i r s  of spec t r a l  l i n e s  

or ig ina t ing  from a common upper energy l e v e l  i n  an atom f o r  which the  

atomic t r a n s i t i o n  probabi l i t i es  a r e  accurately known. If' one of t he  

l i n e s  l i e s  above about 3000 A i t s  absolute  i n t e n s i t y  can be measured 

by comparison with the  radiat ion from a standard such a s  a tungsten 

ribbon lamp; the  i n t e n s i t y  o f  t he  o ther  l i n e  ly ing  i n  the  vacuum ultra- 

v i o l e t  region can then be calculated.  

Such a p a i r  of  l i n e s  are  the  hydrogen l i n e s  Balmerd and Lyman& . 
The l i n e s  a r e  produced i n  t h e  hydrogen atom by t r a n s i t i o n s  from the  

excited l e v e l  having the  pr incipal  quantum number n = 3 t o  t he  ground 

s t a t e  (Lyman B , 1026 A )  and t o  t h e  s t a t e  n = 2 (Balmer o( , 6563 A). 

These t r a n s i t i o n s  a r e  i l l u s t r a t e d  i n  Figure 4.6. 

The theo re t i ca l  calculat ions of t r a n s i t i o n  p robab i l i t i e s  can be 

car r ied  out accurately f o r  hydrogen and other  one-electron systems 

(such as He 11). They involve the  evaluation o f  the  i n t e g r a l  
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Table 4.2 

Relative Sens i t i v i ty  Measurements from Carbon Arc Source 

Wavelength Spectral  Radiance Relative Spectro- 
(Angstroms ) (Watts/cm2 sterad micron) meter Sens i t i v i ty  

3000 

2950 

2900 

28 50 

2800 

2750 

2700 

2650 

2600 

2550 

2500 

2452 

2400 

2358 

2317 

2252 

2207 

2129 

2094 

2051 

2012 

1977 

1931 

1898 

16.30 

14 31 

12.50 

10.84 

9.34 

8 .OO 

6.79 

6 .OO 

5.35 

4.53 

3.82 

3.49 

2.65 

2.89 

4.06 

2.78 

2.77 

3.25 

3.48 

3.60 

4.14 

4.38 

5.74 

3.08 

87 

92 

97 

100 

99 

97 

95 

95 

92 

87 

84 

74 

71 

67 

63 

60 

52 

46 

45 

40 

39 

38 

43 

43 
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n=3 

n=2 

Lyman Line / 
L./ n= I 

Figure46 Simplified Energy Levels af Hydrogen 

where 

1 correspond t o  t h e  pr incipal  and azimuthal quantum numbers respectively.  

Both t h e  ca lcu la t ions  and the results are discussed fully by Bethe and 

and Rn,l, are t h e  nomalized r a d i a l  eigenfunctions and n and 

Salpeter  (1957) and Condon and Shortley (1935). 

This method was investigated by Gr i f f in  and McWhirter (1961) who 

measured i n t e n s i t i e s  of H,,( 

Zeta torus.  

and LA i n  hydrogen discharges in t h e  

While i n  pr inc ip le  the  method appears t o  be simple, there  are two 

conditions which must be s a t i s f i e d  f o r  the  r e s u l t s  t o  be r e l i a b l e .  

The l i g h t  source and the path t o  the de tec tor  must be o p t i c a l l y  thin 

t o  both lines, and, the  population d i s t r i b u t i o n  of the various sub- 

l e v e l s  of the  upper l e v e l  must be proportional t o  t h e i r  statist ical  

weights. 

bute t o  one l ine of t h e  pa i r  being observed and not  t h e  other,  w h i l e  

t h e  t r a n s i t i o n  probabi l i t i es  used are averages over a l l  fine s t r u c t u r e  

components, weighted by the statist ical  weight of each sublevel. 

This i s  important because some f i n e  s t ruc ture  l e v e l s  contr i -  
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T h i s  s i t ua t ion  i s  i l l u s t r a t e d  i n  Figure 4.7, an energy l e v e l  

diagram o f  hydrogen. 

broken l i n e s  a r e  forbidden t r ans i t i ons .  

ls-3p t r a n s i t i o n  while H d  

and 2p-3s t r ans i t i ons .  

populated according t o  t h e i r  s t a t i s t i c a l  weights the  La /H 

s i t y  r a t i o  w i l l  d i f f e r  from t h a t  calculated from t h e i r  t r a n s i t i o n  

p robab i l i t i e s .  

Solid l i n e s  r e f e r  t o  allowed t r a n s i t i o n s  while 

It i s  seen t h a t  L p  i s  a 

includes not only 2s-3p but a l s o  2p-3d 

Thus i f  the  s ,  p and d sublevels a r e  not 

inten- 

The e f f e c t s  of non s t a t i s t i c a l  populations and the  conditions 

necessary f o r  s t a t i s t i c a l  population of sublevels a r e  discussed by 

Hinnov and Hofmann (1963) who used the  Lyman s e r i e s  of  hydrogen and 

the  s imi la r  s e r i e s  of ionized helium t o  obtain a ca l ib ra t ion  from 

231A t o  1026 A with an addi t iona l  two poin ts  a t  1085 A and 1640 A 

f rom the  ionized helium Balmer se r i e s .  

The calculat ion required f o r  determining spectrometer s e n s i t i v i t y  

S A  a t  a par t icu lar  wavelength i s  straightforward. The i n t e n s i t y  of 

an emission spectrum l i n e  f o r  a given t r a n s i t i o n  n + m  i s  given by 

the  expression 

Im = Nn h d  Am , (4 4) 

where Nn i s  the  number of  atoms i n  the  i n i t i a l  s t a t e  and Am i s  the  

number of t r ans i t i ons  per  second per atom, the  so-called E ins t e in  

t r a n s i t i o n  probabi l i ty ,  and h 3  i s  the energy of t he  radiated quantum. 

In general a l so  the  observed i n t e n s i t y  of a s p e c t r a l  l i n e  may 

be expressed 

I x  K D A  /SA (4.5) 
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f o r  a spectrometer where D A  i s  the  measured photocurrent, S A  i s  

the  instrument s ens i t i v i ty  and K i s  a constant including source 

and s l i t  geometry. 

Combining equations 4.4 and 4.5 i t  i s  eas i ly  shown t h a t  f o r  any 

p a i r  of spec t ra l  l i n e s  or ig ina t ing  from the  same upper l eve l ,  and 

ident i fy ing  t h e  parameters per ta ining t o  these l i n e s  by subscr ipts  

v and u signifying v i s i b l e  and u l t r a v i o l e t  respect ively,  

o r ,  i n  a more useful form I 

Here C i s  a new constant including s l i t  c h a r a c t e r i s t i c s  of  t he  

two monochromators, so l id  angles subtended by the  source a t  t h e  s l i t s  

and transmission cha rac t e r i s t i c s  of any windows. Since only r e l a t i v e  

s e n s i t i v i t i e s  a r e  required i t  may be neglected, provided t h a t  it 

remain constant throughout the s e r i e s  of measurements. 

i n  the  brackets fo r  a selected p a i r  of l i n e s  a r e  constants  and may 

be obtained from Allen (1963). 

The quan t i t i e s  

Thus the  determination of spectrometer s e n s i t i v i t y ,  S, ,  a t  the  

wavelength of  the  u l t r a v i o l e t  l i n e  involves only the  recording of 

t he  spectrometer s ignal  Du f o r  t h a t  l i n e  and the  measurement of t he  

i n t e n s i t y  of the  second l i n e  of the  p a i r  I, using a second monochromator. 

The only avai lable  l i n e s  of t he  one e lec t ron  type i n  t he  region 

below 3000 A were found t o  be the hydrogen Lyman l i n e s  a t  1026 and 972 A, 

-~ 
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the  ionized helium Balmer l i n e s  a t  1640, 1215, and 1085 A and t h e  

Paschen l i n e s  a t  2733, 25ll and 2386 A. These l i n e s  are i d e n t i f i e d  

i n  the spectra i n  Figure 4.8. 

in succeeding sections.  

They w i l l  be discussed i n  more d e t a i l  

The Paschen s e r i e s  l i n e s  of ionized helium l i e  beyond t h e  vacuum 

region of the  u l t r a v i o l e t  but there  are two important reasons f o r  

including them. 

c a l i b r a t i o n  i s  possible (eg with carbon arc) and thus serve as a 

check on the  r e l i a b i l i t y  of the method, and secondly they provide 

an  overlap so t h a t  t h e  ca l ibra t ions  a t  the  shorter  wavelengths can 

be put on a proper r e l a t i v e  scale.  

4.3.4.2 Experimental Technique 

They are i n  a s p e c t r a l  region where an independent 

Various gas discharges were t r i e d  as l i g h t  sources; a h d h i  

cathode discharge provided the He I1 and H l ines with good i n t e n s i t y  

and s t a b i l i t y .  

f o r  t h i s  purpose i s  shown i n  Figure 4.9. 

f r o n t  of t h e  entrance s l i t  o f  the  spectrograph i n  Figure 2.7 .  

The hollow cathode was 5/8" i n  diameter and 4" long. 

A cross-sectional v i e w  of t h e  discharge tube b u i l t  

It a l s o  appears mounted i n  

A t e f l o n  

spacer separated it f r o m  the concentric anode r ing  whose inner dia- 

meter was 3/411. Both cathode and anode were made of brass f o r  ease 

of construction and both were water cooled. 

placed on the  outer  s ide of the anode and a bakel i te  p l a t e  secured 

these components t o  the cathode assembly which w a s  i n  tu rn  held against  

a l u c i t e  p l a t e  on the entrance flange of the  spectrograph. 

were used t o  make vacuum s e a l s  between the  various components of the  

discharge tube. 

A quartz window was 

O-rings 
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A t h i n  aluminum l i n e r  was l a t e r  inser ted  i n  the  hollow cathode 

when it was observed t h a t  the  brass was eroding and deposit ing on 

the  quartz window thus impairing i t s  transmission. A t h i n  quartz 

cyl inder  was a l so  inser ted  in s ide  the t e f l o n  spacer t o  pro tec t  it 

from surface heating. 

Helium was flowed through the system a t  a control led r a t e .  A 

l i q u i d  nitrogen t r ap  immediately before the  discharge tube served 

t o  remove condensable impuri t ies  such a s  water vapour from the  gas 

stream. 

and a voltage of about 250 v o l t s .  

DC supply with a su i tab le  b a l l a s t  r e s i s t o r .  

charge was about 0 . 3  mm Hg while t he  spectrometer pressure was approxi- 

mately 2 x mm Hg. 

The discharge was operated normally a t  a cur ren t  of 250 ma 

Power was provided by a 1000 v o l t  

The pressure i n  the  d is -  

The discharge consisted of a tubular  column extending the  f u l l  

length of the  cathode. A coarse mesh screen w a s  placed across the  

end of t he  cathode t o  prevent t he  discharge column from continuing 

on through t o  the entrance s l i t .  

This discharge tube proved t o  be very usefu l ,  not only for C a l i -  

brat ion purposes, but a l s o  f o r  exci t ing other  atomic and molecular 

spectra.  

high i n t e n s i t y  and could be operated over a wide range of pressures  

and currents .  

It provided a very s t ab le  and reproducible discharge of 

The helium and hydrogen l i n e s  used f o r  c a l i b r a t i o n  measurements 

All were obtained with a .01 mm s l i t  a r e  i l l u s t r a t e d  i n  Figure 4.8. 

on Kodak 103-0 U.V. sens i t ized  p l a t e s .  

exposure while the  l a t t e r  t w o  were 2 hour exposures. 

The f i r s t  was a 20 minute 

The s t rong 

. 
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impurity l i n e s  a r e  mainly Al I1 l i n e s ;  a number o f  weaker N and 0 

l i n e s  a r e  a lso present.  

The He I1 l i n e  a t  1215.1 A i s  normally swamped by the  H Lyman4 

l i n e  a t  1215.7 A which i s  many times stronger.  

evident ly  appeared a s  a r e su l t  o f  d i ssoc ia t ion  of water vapour because 

after ca re fu l  elimination of a l l  l eaks  and severa l  hours of outgassing 

with the  discharge on and the l i qu id  nitrogen t r a p  i n  operation the  

Lymand 

of t h e  nearby He I1 l i n e .  

l i n e  and t h i s  combined w i t h  i t s  small separation from the  helium l i n e  

made accurate  measurement of t he  helium l ine d i f f i c u l t .  It was found 

The hydrogen impurity 

l i n e  i n t e n s i t y  was reduced s u f f i c i e n t l y  t o  permit measurement 

l i n e  i s  a very broad resonance The Lymanoc 

very advantageous t o  make the measurement i n  the  second order and con- 

v e r t  i t  t o  an equivalent f irst  order reading. 

was r e l i a b l y  determined t o  be  0.64 (see sect ion 4.3.2). 

well resolved i n  second order may be seen i n  the  f i r s t  spectrum of 

Figure 4.8. 

The conversion f a c t o r  

The two l ines 

Line i n t e n s i t i e s  i n  the spec t r a l  range 3200 t o  6600 A were measured 

through the  quartz window o f  t h e  discharge tube with a 

type spectrometer, while the discharge was viewed simultaneously from 

t h e  o ther  end by the  vacuum spectrometer. 

meter Eber t  

A complete ca l ib ra t ion  was car r ied  out by f i rs t  recording photo- 

e l e c t r i c a l l y  the  amplitudes of t he  hydrogen l i n e s  a t  1026 and 972 A in 

t he  helium discharge with the l i q u i d  ni t rogen t r a p  removed (allowing 

the  water vapour impurity through t o  provide a source of hydrogen) 

then i n s e r t i n g  t h e  t r a p  again and continuing with the  helium l i n e  
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measurements a f t e r  t he  helium discharge was su f f i c i en t ly  pure. The 

sli t-width f o r  a l l  measurements was 200 microns, with the  exception 

of the  He I1 l i n e  where it was necessary t o  use 50 microns t o  resolve 

the  l i n e  from L F n d  . The proper s l i t -width conversion f a c t o r  

was obtained by recording the He I1 1640 A l i n e  a t  both sl i t-widths.  

To avoid any e r r o r s  due t o  e i t h e r  hyperfine s t ruc tu re  o r  i n s t ru -  

mental e f f ec t s ,  areas under the  l i n e  p r o f i l e s  were measured. 

r e s u l t s  were not noticeably d i f f e r e n t  from simply recording peak 

amplitudes however. 

4.3.4.3 Results 

The 

The r e s u l t s  obtained a r e  tabulated i n  Table 4.3. The s igna l  

s t rengths  f o r  the u l t r a v i o l e t  l i n e s  given i n  column 2 a r e  i n  a r b i t r a r y  

u n i t s  of  photocurrent. 

6560 t o  3203 A given i n  column 6 a r e  included s ince  t h e i r  r e l a t i v e  

values remained reasonably constant f o r  t he  operating conditions 

outlined. 

originated i s  given by the  pr inc ipa l  quantum number n * *  

meter s e n s i t i v i t i e s  (SA ) given i n  column 3 were obtained by means 

of equation 4.7. 

The i n t e n s i t i e s  of the  comparison l i n e s  from 

The upper energy l e v e l  from which each p a i r  of l i n e s  

The spectro- 

In t ens i ty  values f o r  t he  hydrogen Balmer l i n e s  a r e  omitted s ince 

t h e i r  i n t e n s i t y  r a t i o  was strongly dependent upon t h e  operating con- 

d i t i o n s  and the  source of hydrogen. 

Lyman l i n e s  a r e  omitted f o r  the  same reason. This does not  a f f e c t  

the r e l i a b i l i t y  of the  S A  values f o r  those wavelengths however as 

they were obtained f r o m  simultaneous measurements. 

Signal  s t rengths  of t h e  hydrogen 
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87 Table 4.3  

Spectrometer Sens i t iv i ty  (SA)  Data from Line I n t e n s i t i e s  

1026 

9 72 

I 
DU SA n 

(Arb. Units) 

1.00 100 6 

.47  89 7 

.21 77 8 

13 .O 29 3 

1.31 11.4 4 

.12 2.1 5 

Source Xv Iv 
(A) (Arb. Units) 

6560 10.3 He I1 

5411 5 .6  He I1 

4859 3.3 He I1 

He I1 

4686 100 He I1 

He I1 3203 46 .O 

.73  3 6563 

.96 4 4861 

H 

H 

The He I1 1640 A l i n e  could not  be used d i r e c t l y  as a c a l i b r a t i o n  

point,  s ince the only other s p e c t r a l  l i n e  a r i s i n g  from the same upper 

l e v e l  (n = 3) i s  a t  256 A and not observable with the  present grating. 

Hinnov (1964) has measured the i n t e n s i t y  r a t i o  of the 1640 and 1085 A 

l i n e s  t o  be 8 : l  i n  a similar type of discharge. Hence, lacking more 

d i r e c t  means, t h i s  value was used i n  a r r i v i n g  a t  a s e n s i t i v i t y  value 

a t  1640 A, by u t i l i z i n g  the d i r e c t l y  measured s e n s i t i v i t y  a t  1085 A .  

t 

It i s  necessary now t o  consider the v a l i d i t y  o f  these r e s u l t s  

i n  view of t h e  l imi ta t ions  s ta ted  i n  sect ion 4.3.4.1. 

be no e r r o r  due t o  absorption f o r  any of t h e  l i n e s  chosen. 

const i tuent  both i n  the discharge and i n  t h e  spectrograph was helium 

which i s  transparent down t o  near ly  500 A .  

equilibrium requires  more careful  consideration. 

There should 

The major 

The matter of s ta t i s t ica l  
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A s  discussed by Hinnov and Hofmann (1963) the  s t a t i s t i c a l  re- 

d i s t r i b u t i o n  of sublevel populations i n  l i g h t  sources of t h i s  type 

i s  l a r g e l y  caused by e lec t ron  co l l i s ions ,  although energy exchange 

atomic co l l i s ions  may contr ibute  a s  well. 

respect  t o  co l l i s iona l  t r a n s i t i o n s  nP -*nD i s  s m a l l  compared t o  t h e  

r ad ia t ive  l i fe t ime of the  nP s t a t e ,  the l a t t e r  may be expected t o  

be i n  equilibrium with the other  s t a t e s  of t he  nth l eve l .  Hinnov 

and Hofmann, by estimating the  e lec t ron  c o l l i s i o n a l  t r a n s i t i o n  r a t e ,  

a r r i v e  a t  t h e  following condition f o r  s t a t i s t i c a l  equilibrium a t  t h e  

n th  s t a t e  

Thus if the  l i f e t i m e  with 

I 

where TR(nP)  i s  the rad ia t ive  l i f e t ime  of the  nP s t a t e ,  kTe i s  

expressed i n  e lectron v o l t s  and Ne i s  the  e lec t ron  densi ty .  

Hirschberg e t  a1 (1963) have made de ta i l ed  spectroscopic inves- 

t i g a t i o n s  of a helium hollow cathode discharge and repor t  an  e lec t ron  

dens i ty  o f  about 1012 per  cm3 and an e lec t ron  temperature i n  t h e  

neighbourhood of 0 . 3  ev. 

expression y i e l d s  

Subs t i tu t ion  of these values i n  the  above 

(4.8) 
3 x 10-6 

n4 
4 T R ( n p )  

a s  t he  condition for s t a t i s t i c a l  equilibrium a t  t he  n th  s t a t e .  

Lifetimes of s t a t e s  increase towards higher values of n;  a l s o  

Evaluation f o r  one-electron systems they a r e  proportional t o  Z-4. 

of the above condition for each l e v e l  of He 11 and H i nd ica t e s  t h a t  
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the re  may not be s t a t i s t i c a l  equilibrium f o r  n = 3 and also n = 4 

f o r  He 11. 

t o  reach equilibrium before radiat ing.  

A l l  higher leve ls  would appear t o  have su f f i c i en t  time 

This suggests t h a t  t h e  s e n s i t i v i t y  value a t  1026 A may be i n  

The e f f e c t  of  non-s ta t i s t ica l  population f o r  non resonance error. 

l i n e s  such as He I1 1640 and 1215 A i s  not  near ly  as ser ious however 

a s  i n  these cases the  e r rors  tend t o  cancel. 

4.4 Consolidated Calibration Results and Discussion 

The consolidated ca l ibra t ion  r e s u l t s  f rom 3000 t o  1000 A a r e  

shown graphical ly  i n  Figure 4.10. They include the  data  obtained 

from the  carbon arc, the high d i f f r a c t i o n  order technique and t h e  

atomic l i n e  i n t e n s i t y  method. 

The r e l a t i v e  spec t r a l  s e n s i t i v i t y  measurements with the  carbon arc 

standard taken from Table 4.2 are p lo t ted  from 3000 t o  1900 A. The 

high order l i n e  measurements from Table 4.3 have been normalized t o  

match t h e  carbon a rc  curve a t  t h e  long wavelength end and p lo t ted  

on the  same graph. The atomic l i n e  i n t e n s i t y  measurements from Table 4.4 

were normalized so t h a t  t h e  s e n s i t i v i t y  a t  2733 A matched t h e  carbon 

arc curve and added t o  the  graph. 

The ove ra l l  pa t t e rn  i s  very cons is ten t  with preliminary estimates 

The blaze wave- of spectrometer response and ind iv idua l  measurements. 

l ength  of  t he  gra t ing  i s  seen t o  be a t  2850 A contrary t o  manufacturer's 

spec i f ica t ion  of 1200 A but i n  agreement with t h e  high d i f f r a c t i o n  order 

measurements of  sec t ion  4.3.2. 
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The decrease i n  spectrometer s e n s i t i v i t y  below 2850 A i s  f a i r l y  

l i n e a r  and i s  well  explained by the decrease i n  gra t ing  e f f ic iency  

below i t s  blaze wavelength. 

s i t i v i t y  below 1200 A i s  c lear ly  due t h e  decrease i n  r e f l e c t i v i t y  

of t h e  gra t ing  surface wkich w a s  i l l u s t r a t e d  i n  Figure 4.1. 

The sharp drop i n  spectrometer sen- 

The high order measurements a t  the  sho r t e r  wavelengths a t  f i r s t  

glance appear high, however they r e a l l y  represent  an upper l i m i t  t o  

the  spectrometer s e n s i t i v i t y  r a the r  than i t s  ac tua l  value s ince they 

assume constant gra t ing  r e f l e c t i v i t y  and constant quantum ef f ic iency  

of t he  sodium sa l i cy la t e .  

what lower below 1800 A than above 2000 A, and the  sodium s a l i c y l a t e  

coating on the  photomultiplier was approximately one month old a t  

t he  time of  the ca l ib ra t ion  measurements hence i t s  ef f ic iency  un- 

doubtedly w a s  decreased a t  wavelengths below about 1600 A. 

The gra t ing  r e f l e c t i v i t y  i s  ac tua l ly  some- 

To inves t iga t e  this point fur ther ,  similar ca l ib ra t ion  measure- 

The spectro- ments were made using a new sodium s a l i c y l a t e  coating. 

meter s ens i t i v i ty ,  r e l a t i v e  t o  t h a t  a t  2733 A, was increased by about 

100% a t  1085 and 1215 A and by 40% a t  1640,A. 

order measurements shown i n  Figure 4.10 r e a l l y  approximate t h e  spectro- 

meter s e n s i t i v i t y  curve one would obtain when using a new sodium sali- 

cy la t e  coating on the  photomultiplier. 

Thus t h e  high d i f f r a c t i o n  

While the  ca l ib ra t ion  curve of spectrometer s e n s i t i v i t y  covers 

t he  spec t r a l  range from 3000 t o  1000 A, it has i t s  l i m i t a t i o n s  and 

these must be recognized. The carbon a r c  da ta  from 3000 t o  2500 A 

a r e  ce r t a in ly  accurate  t o  within a few percent;  t he  data  from 2500 



error by 10 - 20%, i n  view of  t he  inherent  d i f f i c u l t i e s  discussed 

i n  sect ion 4.3.4. These were t h e  only ca l ib ra t ion  poin ts  between 

1900 and 1085 A .  The f a c t  t h a t  they l i e  i n  a reasonably s t r a i g h t  

l i n e  suggests t ha t  t he  spectrometer s e n s i t i v i t y  i s  decreasing approxi- 

mately l i n e a r l y  with wavelength i n  t h a t  region but it does not pre- 

clude the  poss ib i l i t y  of i r r e g u l a r i t i e s  such a s  the  one a t  1900 A .  

I The r e l a t i v e  s e n s i t i v i t y  of the  spectrometer down t o  perhaps 

1600 A should be constant with time; below t h a t  wavelength the  sen- 

s i t i v i t y  is partially determined by the  age and condi t ion of the  

sodium sa l i cy la t e  surface on the de tec tor .  Hence when the  instrument 

i s  used f o r  measuring spec t r a l  i n t e n s i t i e s  a c a l i b r a t i o n  must be made 

a t  t h e  same time t o  be appl icable .  

I 
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CHAPTER V 

INmNSITY MEASUREMENTS 

5.1 Introduction 

This chapter begins with a discussion of some t h e o r e t i c a l  

considerations i n  in te rpre ta t ion  of band i n t e n s i t i e s  and f a c t o r s  

determining band i n t e n s i t i e s .  

determining r e l a t i v e  band i n t e n s i t i e s  of the LBH system a r e  des- 

cribed and the band i n t e n s i t i e s  obtained are tabulated.  

The experimental methods used i n  

These r e s u l t s  a r e  t reated t o  determine propert ies  of the  

e lec t ronic  t r a n s i t i o n  moment and of the  discharge used t o  exc i te  

t h e  LBH system. 

other  information avai lable  on the  LBH -system. 

5.2 Theory 

5.2.1 Band Structure  of the LBH system 

The i n t e n s i t i e s  are discussed i n  r e l a t i o n  t o  

It i s  necessary before discussing band i n t e n s i t i e s  t o  inves- 

t i g a t e  some d e t a i l s  of t h e  band s t ruc ture  of the LBH system, par- 

t i c u l a r l y  as it i s  a forbidden t r a n s i t i o n  and i s  a combination of 

magnetic dipole  and e l e c t r i c  quadrupole t r a n s i t i o n s .  

was the  first molecular band system observed which contains an 

electric quadrupole e lectronic  t r a n s i t i o n .  

have s ince observed a similar band system of P2. 

The LBH system 

Douglas and Rao (1958) 

93 
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A J = 0, -1 holds f o r  both magnetic dipole  

There a r e  thus P,  Q and R branches 

+ The select ion r u l e  

and e l e c t r i c  quadrupole radiat ions.  

observed, t yp ica l  of *n - ' t r ans i t i ons .  

Evaluation of the  H%d-London l i n e  s t rength f ac to r s  i nd ica t e s  

t h a t  the  i n t e n s i t i e s  of t h e  corresponding r o t a t i o n a l  l i n e s  of t he  

three  branches P,  Q and R a r e  i n  the r a t i o  J , 25' + 1 and J + 1 

where J 

i s ,  i n  general  the R branch l i n e s  a r e  s l i g h t l y  s t ronger  than those of 

the  P branch, and the  Q branch l i n e s  a r e  about t he  same i n t e n s i t y  a s  

the  P and R branch l i n e s  combined. There i s  of course a temperature 

dependence of these i n t e n s i t i e s  but t h i s  e f f e c t  only s l i g h t l y  changes 

the  r e l a t i v e  branch i n t e n s i t i e s .  

1 I 

1 i s  the  quantum number of  t he  upper ro t a t iona l  l eve l .  ,Tha t  

+ 
In addi t ion  t o  these th ree  branches, the  se l ec t ion  r u l e  A J  = -2 

holds f o r  e l e c t r i c  quadrupole rad ia t ion  thus it i s  of i n t e r e s t  t o  

determine the  r e l a t ive  i n t e n s i t i e s  of the  S and 0 branches a r i s i n g  

from these t r ans i t i ons .  

E l e c t r i c  quadrupole t r a n s i t i o n s  i n  molecular spectra  a r e  very 

r a r e  and hence very l i t t l e  t heo re t i ca l  work has been done. 

matrix elements have been evaluated by James and Coolidge (1938) f o r  

the  inf ra red  ro t a t ion  v ibra t ion  bands of OH and these show t h a t  t h e  S 

branch i n t e n s i t y  i s  about 1.5 times the  i n t e n s i t y  of e i t h e r  the  0 

branch o r  the Q branch. 

Quadrupole 

A microphotometer t rac ing  of t h e  (2 ,  0)  LBH band a t  1384 A i n  

This was obtained by Wilkinson absorption i s  shown i n  Figure 5.1. 

and Mdliken (1957) with a 21 ft. concave g ra t ing  spectrograph i n  

fourth order with a rec iproca l  dispers ion of 0 . 3  A/mm and shows the  
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1 

0 8  

I -  

S branch with t h a t  o f  t h e  Q branch Wilkinson (1961) has estimated 

t h a t  t he  e l e c t r i c  quadrupole contr ibut ion t o  the  t o t a l  band i n t e n s i t y  

i s  about 13%. 

Figure 5.1 Microphotometer Tracing of t he  (2, 0) 
Absorption Band i n  the  LBH System 
(Wilkinson and Mulliken (1957) ) . 

branch s t ruc ture  i n  d e t a i l .  Lines of a l l  f i v e  branches a r e  observed. 

The S and 0 branches a r e  e l e c t r i c  quadrupole t r a n s i t i o n s  o n l y  while 

the  P, Q and R branches a r e  combined magnetic dipole  and e l e c t r i c  

quadrupole t r ans i t i ons .  By Comparing the  observed i n t e n s i t y  of t he  

5.2.2 Integrated Band In t ens i t i e s  

We can now'consider integrated band i n t e n s i t i e s .  The f a c t o r s  

determining the i n t e n s i t y  of a molecular band (v', v")  i n  emission 

and an expression f o r  the in t ens i ty  I v t v f f  i n  terms of these f ac to r s  

have been discussed by several  wr i t e r s  [ ekg. Herzberg (1950), 

Chamberlain (1961), Nicholls (1964a) . These discussions r e f e r  

spec i f i ca l ly  t o  e l e c t r i c  dipole t r a n s i t i o n s  s o  i t  i s  necessary t o  

review the basic  concepts br ie f ly  and apply them t o  t r a n s i t i o n s  such 

as  those of  the  LBH system. 
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The in t ens i ty  of a molecular band, defined a s  the  energy 

I emitted per second by the t r a n s i t i o n  v -D VI' i s  given by 

q1 V 11 = Nvr h 3  AvtVll . (5.1) 

Here NvI i s  the  number of molecules i n  the  upper s t a t e ,  h 3 i s  

the  energy of the radiated quantum and AViVti i s  the Einstein A co- 

e f f i c i e n t ,  t he  probabi l i ty  of spontaneous t r a n s i t i o n  from s t a t e  v1  

t o  v . I 1  

The t r ans i t i on  probabi l i ty  AvlvIl may be expressed, i n  an analogous 

way t o  atomic t r ans i t i ons  (Condon and Shortley (1935)) as 

. I  

M 
s, lV11 

sec-l , M 6 4 f l  
A&n = 

3h gvI x;lvll 

s, Q IVIf  

Q 32 f16 sec -1 , 
5 A 4 v l l  = 

gvl 
5h 

(5.2a) 

(5.2b) 

( 5 . 2 ~ )  

f o r  e l e c t r i c  dipole,  magnetic dipole  and e l e c t r i c  quadrupole t r a n s i t i o n s  

respect ively.  In  these and f u r t h e r  equations t h e  superscr ip ts  E,  M 

and Q a r e  used t o  specify these types of t r a n s i t i o n s  while absence of 

superscr ip ts  denotes the  general case. 

In  the  above equations SvIvll i s  the band s t rength ,  gvl i s  t h e  

s t a t i s t i c a l  weight o f  the  upper l e v e l  and v l v l l  i s  the  wavelength 

of the  emitted photon. 

The band strength i n  the  general  case i s  defined a s  

( 5 . 3 )  
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v t ~  a r e  t h e  v ibra t iona l  wave funct ions of the  v r  where vvr and 

and v l e v e l s  and r i s  the  internuclear  separation. 
11 

k(r)  i s  the  e lec t ronic  t r a n s i t i o n  moment of  t he  band system and 

i s  defined as follows f o r  the three  types of t r a n s i t i o n s :  

(5 .44  

we  
d r  

and ye  vIt are the  molecular e lec t ronic  wave functions and 

i s  the  element of  configuration space. Pe, M and R are t h e  

e l e c t r i c  dipole ,  magnetic dipole and e l e c t r i c  quadrupole moments 

respect ively.  

The e lec t ronic  t r ans i t i on  moment Re i s  usual ly  a slowly varying 

function of r and i f  it has the  same dependence on r f o r  a l l  bands 

being considered i t  can be expressed (Fraser (1954)) as Re(TvIvtt) 

where F V I V t l  , t he  r-centroid, i s  t h e  mean in te rnuc lear  d i s tance  

involved i n  the  t r a n s i t i o n  and may be computed by 
r, 

Thus from equation 5.3, the  band s t rength may be wr i t t en  a s  

Svfvlt = Re2 (Fvrvll) qvrvlt , ( 5 . 6 )  

where 

(5.7) 

the  v ib ra t iona l  overlap in t eg ra l  square i s  ca l led  the  Franck Condon 

f a c t o r  of  t he  band. 
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Thus equation 5.1 may be wr i t ten ,  using equations 5.2 and 5.6 

(5.8b) 

f o r  the  three  types of t r ans i t i ons ,  where C 1 ,  C 2  and C3 a r e  constants  

incorporating the  constants  of  equation 5.2. 

In the  case of the  bands of the  LBH system t h e i r  i n t e n s i t i e s  

can be wr i t ten  a s  a sum of equations 5.8b and 5 . 8 ~ .  That i s ,  

where K and d are  constants.  

Inspection of t h i s  equation f o r  t he  t o t a l  i n t e n s i t y  of a band 

of the  LBH system shows t h a t  a complication arises due t o  t h e  e l e c t r i c  

quadrupole t r a n s i t i o n  moment term. 

r e l a t i v e  importance. A s  discussed i n  sect ion 5.2.1 t h i s  term con- 

t r i b u t e s  some 13% t o  the t o t a l  i n t e n s i t y ,  a t  the  wavelength of t h e  

(2, 0) band a t  1384 A (72267 cm-l). 

the  dependence of Re and Re on in te rnuc lear  d i s tance  a r e  of t h e  same 

form, t h e  contribution of the quadrupole t r a n s i t i o n s  w i l l  vary from 

14% a t  1300 A t o  only 6% a t  2000 A ,  due t o  the  e f f e c t  of t h e  d 2  

term i n  equation 5.9. 

It i s  necessary t o  consider i t s  

Assuming f o r  t he  moment t h a t  

M Q 

It i s  thus possible t o  neglect  t h i s  small f a c t o r  and t o  consider 

a hypothet ical  resu l tan t  t r a n s i t i o n  moment such t h a t  equation 5.9 
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reduces t o  

( 5  .lo) IVtVr' = K N,? 3 4 t it  4 2  (Fvtvtt) qvfvri 
v v  

It must be remembered however t h a t  t h i s  Re2(Fvtvil) contains the  two 

t r a n s i t i o n  moment terms o f  equation 5.9, and thus i s  not s t r i c t l y  

t rue .  Lacking more knowledge of t h e  quadrupole contr ibut ion across 

the  band system however there i s  nothing t o  be gained by attempting 

a more rigorous in te rpre ta t ion .  

The g rea t e s t  influence over the  i n t e n s i t y  d i s t r ibu t ion ,  as seen 

i n  equations 5.9 and 5.10, i s  the  Franck-Condon f ac to r ,  qvtvii , which 

can vary over several  orders of magnitude across  t h e  band system. 

In recent  years  much work has been devoted t o  the  ca l cu la t ion  of 

arrays of these f a c t o r s  f o r  molecular band systems. Most of these 

ca icu ia t ions  have employed Norse poteiitiizl curves t o  i-epi-esent the 

upper and lower e lec t ronic  s t a t e s .  

such as the  Klein-Dunham and Klein-Dunham-Rees po ten t i a l s  a r e  now 

being used t o  obtain somewhat more r e l i a b l e  Franck-Condon f ac to r s ,  

espec ia l ly  f o r  high v ibra t iona l  quantum numbers. 

f a c t o r s  f o r  a number of e lec t ronic  band systems of N 2  have recent ly  

been calculated using Klein-Dunham-Rees po ten t i a l s  by Zare e t  a1 (1965). 

These Franck-Condon f ac to r s  f o r  the  LBH system are l i s t e d  i n  Table 5.1. 

More r e a l i s t i c  types of  po ten t i a l s  

Franck-Condon 

While f o r  many purposes r e l a t i v e  band i n t e n s i t i e s  themselves a r e  

of prime importance, use of equation 5.10 can y i e l d  o ther  important 

information. 

gression (v' = constant)  expresses Nvt Re2(F) as a funct ion of i n t e r -  

nuclear  separation. 

A p l o t  of ( I /q34)vlvt1 vs Fvfvlr f o r  bands o f  a V I '  pro- 

Due t o  t he  monotonic r e l a t i o n  between FvfV1f and 
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Table 5.1 

Franck-Condon fac tors  f o r  the N 2  Lyman-Birge-Hopfield 

1 (a lVg  - X E') gand system. (s-) (Zare e t  a 1  (1965)) 
g 

v' 0 1 2 3 4 '  5 6 ., 

V" 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 3  

1 4  

is 

16 

17 

1 8  

19 

20 

4 . 43-2 

1.51-1 

2.50-1 

2 . 53-1 

1 , 7 3 4  

8 61-2 

3.22-2 * 
9 . 17-3 

1099-3. 

3.37-4 

4 . 75-5 

5 . 64-6 

3 . 93-7 

8.72-9 

2 . 46-9 

5.58-10 

2 . 66-10 

2 . 83-11 

4.25-11 

1 42-10 

3 0 40-11 

1.18-1 * 

1. 90-1 

8.02-2 

5 0 84-4 

9.22-2 

1.91-1 

1.76-1 

9.93-2 

3 . 87-2 

1.10-2 

2 . 33-3 

3 . 82-4 

4.90-5 

4 0 29-6 

1.85-7 

1,8008 

6.22-9 

5.41-10 

3.25010 

4 6 86-10 

1,24013 

1 73-1 

9 44-2 

3 . 30-3 

1 08-1 

8.41-2 

3 . 19-4 

7 . 30-2 

1.73-1 

1.60-1 

8.76-2 

3 23-2 

8 50-3 

1.65-3 

2 37-4 

2.43-5 

1.62-6 

1 . 17-7 

1.31-8 

5 . 71-10 

8 . 40-15 

1.66-9 

1 . 85-1 

1 . 15-2 

7 . 51-2 

6 . 81-2 

4.39-3 

9.76-2 

6 . 18-2 

1 . 17-3 

9 17-2 

1.71-1 

1.38-1 

6 . 71-2 

2 19-2 

5 . 03-3 

8 . 35-4 

9 . 86-5 

7 . 93-6 

5 057-7 

6.06-8 

1 . 68-9 

6.11-10 

1 60-1 

6 . 67-3 

9 62-2 

4.43-4 

7 . 81-2 

3 . 47-2 

2 . 05-2 

9 90-2 

2.9392 

1 . 64-2 

1.25-1 

1.66-1 

1.09-1 
4.4502 

1022-2 

2 . 34-3 

3 . 17-4 

3.Og-5 

2 . 71-6 

3 . 47-7 

4.10-8 

1.20-1 

4.75-2 

4.70-2 

3 . 47-2 

5.51-2 

9 . 80-3 

7 84-2. 

5 . 16-3 

5e50-2 

8 . 17-2 

3.08-3 

5.56-2 

1.55-1 

1 . 46-1 

7 . 55-2 

2.50-2 

5 . 62-3 

8 0 94-4 

1.08-4 

,1.27-5 

2 . 03-6 

8.08-2 

8 . 52-2 

4 94-3 

7.32-2 

2 0 37-3 

6 39-2 

1.24-2 

4 . 47-2 

5 . 01-2 

5 19-3 

8 . 54-2 

4.09-2 

7 . 44-3 

1009-1 

1 0 63-1 

1. 11-1 

4 . 52-2 

1.22-2 

2 035-3 

3.66-4 

5069-5 

( 3 6 )  The negative number i n  each entry i s  the power of t en  by which 

i t  i s  multiplied. 
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XvfvfI ’ as discussed by Nicholls (1965), t h i s  information i s  ob- 

ta ined equally wel l  by plot t ing ( I / q 3 4 ) v t v ~ ~  against  ~ , t V ~ ~  . A 

rescal ing of the p l o t s  f o r  each V I  t o  place them a l l  on the same 

r e l a t i v e  scale  w i l l  them indicate  how Re2(F) changes with FvfvlI 

o r  hvrvll. The rescal ing fac tors  required t o  place a l l  the  v1I . 

progressions on the  same scale provide a measure of t h e  r e l a t i v e  

populations of the upper vibrat ional  l e v e l s  N v f .  

Knowledge of r e l a t i v e  populations can provide information on 

exc i ta t ion  conditions and vibrat ional  temperature i n  the source 

while the  electronic  t r a n s i t i o n  moment values, Re(r) ,  can be used 

t o  ca lcu la te  r e l a t i v e  band s t rengths  SvfvII from equation 5 . 6 .  

5.3 Experimental Technique 

Much o f  the  preliminary work directed towards the  r e l a t i v e  

i n t e n s i t i e s  of bands of the LBH system has been described i n  earlier 

chapters.  

The LBH system was excited i n  the high voltage discharge des- 

The external  spark gap was removed however cribed i n  sect ion 3 . 2 .  

t o  obtain a simple AC discharge. 

operated much more stably and thus was b e t t e r  sui ted t o  photoelectr ic  

measurements. The brightness of the  discharge was decreased by about 

a f a c t o r  of two when used i n  t h i s  way and while t h i s  made it un- 

sa t i s fac tory  f o r  photographic work it w a s  s t i l l  adequately br ight  

f o r  photoelectr ic  measurements. A f u r t h e r  advantage i n  using the 

source without t h e  spark gap was t h a t  the N2+ Second Negative system 

w a s  completely absent and the atomic l i n e s  were somewhat subdued. 

This had the  advantage t h a t  it 
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Voltage w a s  applied t o  the  primary of the  high voltage t rans-  

former through a var iac  and an ammeter was placed in the  primary 

c i r c u i t .  

voltage of approximately 15000 v o l t s  from the secondary of the  t rans-  

former and t h i s  was applied d i r e c t l y  t o  the  discharge tube electrodes.  

Current drawn by the discharge was thus about 23 milliamperes. 

The current was maintained a t  3.2 amperes. This gave a 

Prepurified tank nitrogen was flowed through the  discharge tube 

a f t e r  passing through a l i qu id  a i r  t rap .  The flow r a t e  was kept 

constant and a t  a low r a t e  t o  avoid self-absorption of rad ia t ion  

i n  the  discharge o r  i n  the spectrometer. 

the  discharge was approximately 0.3 mm Hg and i n  the  spectrometer 

1.5 x 10-3 mm Hg. 

i n t e n s i t y  measurements were made, t o  allow time f o r  impuri t ies  t o  be 

pumped out and f o r  s t a b i l i z a t i o n  of t he  discharge.  

The operating pressure i n  

The discharge w a s  operated severa l  hours before 

The spectrum was scanned a t  a r a t e  of 10 A/min f rom 2150 A t o  

1200 A .  

the  range of  t o  amperes per d iv i s ion  de f l ec t ion  of t h e  

recorder as required t o  obtain adequate de f l ec t ions  f o r  both t h e  

strong and weak bands of t he  LBH system. 

The amplif ier  s e n s i t i v i t y  was changed during the  scan over 

The s l i t  widths used were 0.1 mm (approximately 0.5 A reso lu t ion)  

so  t h a t  t h e  smoothed band p r o f i l e s  were obtained with t h e  r o t a t i o n a l  

s t ruc ture  unresolved. The a rea  under each band p r o f i l e  was measured 

with a planimeter. 

using a 0.2 mm s l i t  t o  obtain g rea t e r  s e n s i t i v i t y ;  in these  cases 

an appropriate  conversion f a c t o r  was applied t o  ge t  the  equivalent 

band area f o r  a 0.1 mm sl i t .  

Some of the extremely weak bands were rescanned 
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A t o t a l  of  4 scans was made over t he  complete band system, the  

band areas  were measured and the r e s u l t s  averaged. These measure- 

ments were made during the  same period t h a t  the  spectrometer ca l i -  

b ra t ion  (described i n  section 4) was car r ied  out,  thus t h e  spec t r a l  

response of the  spectrometer was a s  given i n  the  graph i n  Figure 4.10. 

The average area of each band was then divided by t h e  r e l a t i v e  

s e n s i t i v i t y  of  the  spectrometer a t  t h a t  wavelength t o  give t h e  

r e l a t i v e  i n t e n s i t y  o f  each band. 

t o  give an a r b i t r a r y  value of  100 t o  the  s t rongest  band of t he  system 

(the 0-2 band a t  1554 A ) .  

These i n t e n s i t i e s  were normalized 

The general  method used i n  recording band areas  may be infer red  

from Figure 5.2. 

from 1150 A t o  2150 A made a t  a scanning r a t e  of  40 A/min, 4 times 

the  scanning speed used f o r  area measurements. 

a view of t h e  predominant bands of t h e  system. 

of r e l a t i v e  band i n t e n s i t i e s  only one change of ampl i f ie r  gain w a s  

made during t h e  scan; t he  cen t r a l  por t ion  of the scan, from 1400 t o  

1800 A, was covered with only 3 t he  gain of t he  regions on e i t h e r  

s ide  where t h e  bands were much weaker. 

This i s  a photoelectr ic  recording of  t he  LBM system 

The recording gives 

To avoid d i s t o r t i o n  

The main bands of the  system a r e  i d e n t i f i e d  a s  wel l  as a number 

of  prominent atomic nitrogen mul t ip l e t  l i n e s .  

t he  r e l a t i v e  band i n t e n s i t i e s  can be obtained by viewing t h e  peak 

amplitudes o f  t he  bands and taking i n t o  account t h e  gradual decrease 

i n  spectrometer s e n s i t i v i t y  toward shor t e r  wavelength; t he  s e n s i t i v i t y  

a t  1200 A f o r  t h i s  par t icu lar  scan was approximately 1/7 t h e  sens i t i -  

v i t y  a t  2100 A .  

A rough est imate  of 
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A t  a l a t e r  da t e  the  i n t e n s i t i e s  were remeasured t o  obtain a 

completely independent measure of r e l a t i v e  band i n t e n s i t i e s .  

experimental technique was improved somewhat by two modifications. 

A Sola constant voltage transformer was used t o  regulate  the  l i n e  

voltage applied t o  the  high voltage supply of t h e  discharge tube, 

and instead of scanning over the whole LBH band system each VI' pro- 

gression (v' = constant)  was covered separately.  

bands a r i s i n g  from a given upper l e v e l  were recorded i n  turn.  

was done by scanning over the f i rs t  band i n  t h e  progression then 

manually advancing the  grat ing d r ive  t o  the  wavelength of  t he  next 

band i n  t h a t  progression and scanning over i t ,  and i n  t h i s  way 

covering every band i n  the  progression. 

The 

That i s ,  a l l  t he  

This 

These changes gave two advantages. The source was somewhat 

more s t ab le  as minor f luc tua t ions  i n  the  vol tage were removed, and 

s ince a given v" progression could be covered i n  10-15 minutes 

instead of t he  two hours required t o  scan over the  complete band 

system the  e f f e c t  of long term changes i n  source br ightness  w a s  

much reduced. 

2-3% f o r  repeated scans w i t h  t h e  same operating conditions.  

These scans gave band areas t h a t  were cons is ten t  t o  

The sodium s a l i c y l a t e  surface on the  photomultiplier had been 

renewed some two months pr ior  t o  the  second set of i n t e n s i t y  measure 

ments. 

one, due t o  a b e t t e r  method of appl ica t ion ,  but because of aging 

e f f e c t s  i t s  response below1500 A was much poorer. The spec t r a l  

response of t h e  spectrometer w a s  determined using the  atomic l i n e  

This coat ing was inherent ly  a superior  one t o  the  previous 
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i n t e n s i t y  method described i n  sect ion 4.3.4. 

1600 A was about 10% higher than during the  f i rs t  ca l ibra t ion ,  but 

only about 4 the  former values a t  1215 A and 1085 A.  

The s e n s i t i v i t y  above 

The band areas were divided by the s e n s i t i v i t y  f a c t o r s  obtained 

by the  second ca l ibra t ion  and the  r e su l t i ng  band i n t e n s i t i e s  were 

normalized t o  100 f o r  t he  0-2 band, a s  i n  t h e  case of  the  f i r s t  s e t  

of measurements. 

5.4 Results 

5.4.1 Relat ive Band I n t e n s i t i e s  

The two independent sets of measurements of band i n t e n s i t i e s  

obtained as described above f o r  50 bands of the  LBH system were aver- 

aged. 

of t he  system tha t  could be measured with any degree of r e l i a b i l i t y  

over an i n t e n s i t y  range of near ly  three  orders of  magnitude. 

The r e s u l t s  a r e  l i s t e d  i n  Table 5.2. These a r e  a l l  t he  bands 

A number of bands of reasonable i n t e n s i t y  could not be measured 

due t o  presence of other  fea tures ,  o r  overlapping of o ther  bands. 

Two examples of such bands a r e  the (4,O) band a t  1325 A which could 

not be separated from the  (0,12) Birge Hopfield band a t  1326 A, and the  

(4,2) a t  1412 A which could not be separated from the  s t ronger  N I  

l i n e  a t  the  same wavelength. 

A number of bands in t he  region above 2000 A could be observed 

weakly but t h e  presence of other  fea tures ,  including some second order 

N I  l i n e s ,  allowed measurement of only some of them. 

bands were about two orders of magnitude weaker than the  s t ronges t  

bands of t he  system and thus do not  cont r ibu te  g r e a t l y  t o  the  system. 

In  general  these  
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These i n t e n s i t y  measurements a r e  considered accurate  t o  within 

+ -20%, the  degree of  accuracy of the  spec t ra l  response c a l i b r a t i o n  

of the spectrometer, over t h e  f u l l  range of wavelengths from 1200 A 

t o  2100 A .  

wavelength i s  n a t u r a l l y  considerably b e t t e r ,  of the order of  25%. 

5 .4 .2  

The accuracy of relative i n t e n s i t y  values a t  any spec i f ic  

Relative Electronic  Transit ion Moment &(r) 

To invest igate  the  var ia t ion  of the  e lec t ronic  t r a n s i t i o n  moment 
- 

with internuclear  separation, p l o t s  of ( I / q 3  4 ) v t v l l  vs rvtvI)  were 

made f o r  each of the four upper l e v e l s  V I  = 0 t o  3 inclusive.  An 

ar ray  of r-centroid values f o r  the LBH system calculated by Nicholls 

(1964b) was used. This array i s  given i n  Table 5 .3 .  

The resul t ing graphs a r e  shown in Figure 5.3. It i s  seen t h a t  

there  i s  no s igni f icant  var ia t ion  i n  (I/q 94)v~vrr (which i s  propor- 

t i o n a l  t o  h 2 ( r v I v ~ ~ ) )  with FVIV1l. 

To examine t h e  data  more carefu l ly  these  p l o t s  were put on a 

This w a s  done by determining an average (I/q 34)v1 common scale. 

value f o r  each progression. 

population fac tors  NvI and it i s  therefore  possible by dividing each 

These averages a r e  proportional t o  the  

( I / q 3  4 ) v ~ v ~ ~  value by t h e  average f o r  t h a t  progression t o  a r r i v e  a t  

r e l a t i v e  ( 

thus a l l  normalized t o  the  same scale.  

1 4)v I 11 values with the population f a c t o r  removed and 
Nv1q 3 

The square roots  of these quant i t ies ,  a s  seen by equation 5.10, 

a r e  proportional t o  Re(FvIvll), therefore it w a s  advantageous t o  p l o t  

( I / N v l  q 3 4 ) 2 t  11 against  Fvrvlt as shown i n  Figure 5.4 .  

no s igni f icant  change of Re(r) with in te rnuc lear  separation. 

degree of s c a t t e r  of points  about the mean value gives an ind ica t ion  

1 

v v  This shows 

The 
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Table 5.3 

Calculated r-Centroid Values (A) f o r  the LBH System 

(Nicholls (1964b)) 

0 1 2 3 4 5 6 1 
I1 v 

V 

0 1.157 1.141 1.126 1.110 1.096 1.082 1.069 

1 1.180 1.163 1.146 1.127 1.123 1.105 1.090 

2 1.204 1.185 1.180 1.156 1.138 1.122 1.103 

3 1.228 1.244 1.194 1.175 1.133 1.148 1.131 

4 1.254 1.237 1.216 1.212 1.184 1.166 1.140 

5 1.280 1.261 1.213 1.224 1.203 1.198 1.175 

6 1.307 1.287 1.270 1.246 1.237 1.213 1.191 

7 1.336 1.314 1.295 1.355 1.255 1.227 1.223 

8 1.366 1.343 1.322 1.304 1.277 1.265 1.242 

9 1.398 1.373 1.350 1.329 1.319 1.287 1.293 

10 1.432 1.405 1.380 1.358 1.338 1.302 1.296 

11 1.468 1.439 1.412 1.388 1.366 1.348 1.318 

12 1.506 1.475 1.446 1.419 1.395 1.374 1.383 
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of  the  combined errors i n  the  measured i n t e n s i t y  and Franck Condon 

f a c t o r  f o r  each band. The majority of t he  points  l i e  within 5% of 

the  mean. 

The f o u r  points  ly ing  far  o f f  the  mean a t  in te rnuc lear  separa- 

t i o n  of about 1.4  A a r e  from the (1,9), (2,10), (2,ll) and (3,ll) 

bands a l l  of wavelength i n  the  v i c i n i t y  of 2000 A. 

a r e  low,  a s  seen i n  Table 5.2, of the  order of 1/50 of t h a t  of t he  

s t rongest  bands of t he  system and it must be concluded t h a t  t he  

i n t e n s i t y  measurements f o r  these bands a r e  i n  e r r o r  perhaps due t o  

contamination by o ther  radiat ion.  

Their i n t e n s i t i e s  

The conclusion drawn from t h i s  p l o t  i s  t h a t  Re(.) i s  constant 

across  the  band system t o  w i t h i n  the  estimated accuracy o f  the  inten-  

s i ty  measurements. 

5.4.3 Relative Populations of the  Upper S t a t e  

A s  discussed i n  the  previous sec t ion  the  average (I/qi)4) value 

f o r  each progression (v' = constant)  i s  proportional t o  t he  popula- 

t i o n  Nv' of t h a t  upper l eve l .  The r e l a t i v e  populations obtained in 

t h i s  way f o r  t h e  f i r s t  four  l e v e l s  a r e  given i n  Table 5.4; t he  r e l a t i v e  

populations f o r  l e v e l s  v' = 4, 5 and 6 were estimated from the  few 

band i n t e n s i t i e s  measured with those upper l e v e l s .  

A semi-log p lo t  of Nvl/No aga ins t  t he  v ib ra t iona l  term values 

G(v'), a s  shown i n  Figure 5.5 ,  shows a near  Boltzmanndistribution 

of population. A s t r a i g h t  l i n e  was f i t t e d  by eye t o  these poin ts  

and from the  measured slope an e f f e c t i v e  v ib ra t iona l  temperature 

of 3100 200 OK was determined. 



Table 5.4 

Relative Populations of Upper S t a t e  

V 1  Relative Population 
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5.5 Discussion of Results 

These a r e  the f i r s t  r e l i ab le  measurements of i n t e n s i t y  of the 

LBH system in emission. 

these a r e  the  eye estimates o f  i n t e n s i t y  by Birge and Hopfield (1928). 

A casual inspection of these i n  r e l a t i o n  t o  the present measurements 

shows t h a t  t h e i r  i n t e n s i t i e s  a t  high wavelengths (1800 - 2000 A)  a r e  

roughly 5 times too la rge  compared with t h e i r  estimated i n t e n s i t i e s  

a t  shorter  wavelengths (1500 - 1300 A). 

of course by the f a i l u r e  t o  take i n t o  account the  rapidly decreasing 

s e n s i t i v i t y  of  t h e i r  spectrograph below 2000 A; the decrease i n  

r e f l e c t i v i t y  with wavelength of  the  aluminum surface of t h e i r  g ra t ing  

i t s e l f  would account f o r  most of the discrepancy, This i s  ce r t a in ly  

iio refleetisi; oii tEieir repzrted intensities; the f a c t  t h a t  they have 

been c i t ed  f o r  the past th i r ty- f ive  years a s  t yp ica l  of t he  LBH system 

and no b e t t e r  ones were avai lable  shows they have served t h e i r  purpose 

The only data  which can be compared with 

This i s  eas i ly  explained 

well. 

was ab le  t o  conclude t h a t  Re(r) was probably constant f o r  the  system. 

Indeed, by judicious in t e rp re t a t ion  of them Nicholls (1960) 

Zare e t  a 1  (1965) have concluded from a study of the N2 F i r s t  

and Second Posi t ive systems t h a t  there  i s  no s ign i f i can t  var ia t ion  

of  Re2(.) f o r  these band systems and t h a t  it may be e s sen t i a l ly  constant 

f o r  many 0the.r band systems. 

s t an t  f o r  t he  LBH system they have calculated r e l a t i v e  i n t e n s i t i e s  

expected f o r  the  LBH system. 

seen from equation 5.10, the i n t e n s i t y  of any band i s  d i r e c t l y  pro- 

port ional  t o  q d 4 ,  the product of  the Franck Condon f a c t o r  and the 

frequency term, as ide  from population f ac to r s .  

On the  hypothesis t h a t  ReZ(r) was con- 

In t h i s  simplifying case, a s  may be 
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The present r e s u l t s  show there  i s  i n  f a c t  no measurable va r i a t ion  

of Re(r) across the band system and thus t h e i r  predicted i n t e n s i t i e s  

are i n  good agreement (within 5% i n  general)  with the  band in t ens i -  

t i e s  measured i n  t h i s  study. 

Observation of some bands of t he  LBH system in aurora have been 

reported by Crosswhite e t  a 1  (1962). These spectra  were obtained 

with a photoelectric spectrometer car r ied  a l o f t  i n t o  an aurora by 

an Aerobee rocket i n  the  only experiment of  i t s  kind reported t o  da te .  

Because of the  s ignif icance of t h i s  data  i n  r e l a t i o n  t o  t he  in- 

t e n s i t i e s  reported i n  the  present study it i s  of i n t e r e s t  t o  re-examine 

the  rocket data .  

the  courtesy of M r .  W.  Fas t ie ,  John Hopkins University) i s  shown i n  

Figure 5 . 6 .  

from 1200 A t o  3400 A. The s e n s i t i v i t y  of t h e  spectrometer below 

1800 A w a s  estimated a t  1/15 the  s e n s i t i v i t y  above 1800 A (due t o  

the  pa r t i cu la r  type of de tec tor  used). Since no f i l t e r  was used the  

spec t r a l  fea tures  from 1200 t o  1700 A appeared a l s o  i n  second order,  

and t o  s o r t  out  t h e i r  contr ibut ion the  observed spectrum from 2400 

t o  3400 A i s  sketched i n  above the  spectrum of  t he  f i r s t  order.  

A copy of one of t h e i r  spectra  (obtained through 

It i s  a photoelectr ic  recording of t he  au ro ra l  spectrum 

The authors have ascribed the  t o t a l  au ro ra l  spectrum in t h e  region 

1800 t o  2200 A t o  the  LBH system - mainly the  

sequences, and have i d e n t i f i e d  the  (6,0), (3,0), (2,O) and (1,O) bands 

a t  1273, 1353, 1383 and 1415 A respect ively.  They repor t  roughly 

equal i n t e n s i t i e s  f o r  these four  bands of about 30 k i loray le ighs  ( t o  

within a f ac to r  of two e i t h e r  way). 

bv = 6 t o  P v  = 9 
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The rayleigh i s  a unit of photon f l u x  defined as - quanta/cm2 106 
4n- 

sec s terad and must be c l e a r l y  distinguished from the  r e l a t i v e  inten-  

s i ty  units o f  energy/cm2 sec s terad used exclusively i n  this thes i s .  

Ground based measurements of  aurora l  br ightness  a t  t he  time 

indicated t h a t  t he  3914 A N2' (0,O) band, the  s t ronges t  band i n  the  

v i s i b l e  region, was approximately 10 kr. 

The f irst  conclusion drawn, i f  these i n t e n s i t i e s  a r e  r e l i a b l e ,  

i s  t h a t  the  s t rongest  LBH bands, t he  (0,2) and (0,3) a t  1554 and 1611 A 

must have been o f  the  order of 100 k r  f o r  t h i s  aurora.  This i s  25 

times a s  intense as the  3914 A band, taking i n t o  account t he  d i f fe rence  

i n  energy of quanta a t  the  two wavelengths, and would suggest t h a t  the  

major part of the rad ia t ion  emitted by the  aurora i s  i n  the  vacuum 

u l t r a v i o l e t  region. 

A more de ta i led  study of  t he  spectrum and reported i n t e n s i t i e s  

i n  r e l a t i o n  t o  the  laboratory measurements of  r e l a t i v e  band i n t e n s i t i e s  

of t he  LBH system suggests t h a t  the  d i s t r i b u t i o n  of populations i n  

the  upper s t a t e  i s  markedly d i f f e r e n t  from t h a t  o f  t he  laboratory d is -  

charge - a d i s t r ibu t ion  such t h a t  t he  v ib ra t iona l  temperature i n  the  

au ro ra l  spectrum i s  g rea t ly  i n  excess of  the  3100°K e f f e c t i v e  v ib ra -  

t i o n a l  temperature of t he  laboratory discharge.  This however i s  in-  

cons is ten t  with v ibra t iona l  temperatures measured i n  au ro ra l  spectra  

f o r  several  other  nitrogen band systems; they a r e  i n  general  considerably 

lower than 3000'K. 

Further inves t iga t ions  of t he  au ro ra l  spectrum i n  t h e  region 1000 - 
2000 A a r e  necessary before one can unreservedly accept these two 

. 
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findings - the very high intensity of the LBH system relative to 
other N 2  and N2' systems, and the unusually high vibrational tempera- 

ture. 



CHAPTER VI 

SUMMARY AND GENERAL DISCUSSION 

6.1 Summary 

The research described i n  t h i s  t h e s i s  has been directed towards 

the measurement of r e l a t i v e  i n t e n s i t i e s  of  one of the  important band 

systems of nitrogen, the Lyman-Birge-Hopfield system. Since t h i s  

band system l i e s  i n  the vacuum u l t r a v i o l e t  region of the  spectrum 

where there  a r e  as y e t  no completely s a t i s f a c t o r y  i n t e n s i t y  standards 

a major part of the  work of the t h e s i s  was the  development of ins t ru-  

mentation and the devising of techniques by which i n t e n s i t y  cal ibra-  

t i o n s  could be car r ied  out. 

The f i r s t  par t  of t h i s  involved the modification of a 3 meter 

vacuum spectrograph by the addi t ion of a gra t ing  d r i v e  assembly and 

an e x i t  slit  p l a t e  so the  instrument could be used as a scanning 

spectrometer. 

the  e x i t  s l i t .  

window provided a detector  which was sens i t ive  t o  u l t r a v i o l e t  rad ia t ion  

of any wavelength. 

i s f a c t o r y  f o r  making i n t e n s i t y  measurements and superior  t o  using 

photographic techniques. 

and b u i l t  t o  mount on t h e  entrance f lange of the  modified spectrograph. 

A photomultiplier mount was b u i l t  and mounted behind 

A sodium s a l i c y l a t e  surface added t o  t h e  photomultiplier 

The instrument thus modified was shown t o  be sat- 

A number of s p e c t r a l  sources were designed 

120 
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The second main part of the pro jec t  involved the development 

and u t i l i z a t i o n  of techniques f o r  ca l ib ra t ing  the  spectrometer t o  

determine i t s  spec t r a l  response as a funct ion of wavelength. The 

f i r s t  method invest igated was the  use of Cerenkov rad ia t ion ,  whose 

spec t r a l  d i s t r i b u t i o n  could be calculated,  as an i n t e n s i t y  standard; 

t h i s  proved f r u i t l e s s  due t o  t he  lack  of a medium which would t rans-  

m i t  t he  r ad ia t ion  generated. 

Three o ther  methods were invest igated.  The f i rs t  and simplest  

was t he  observation of short  wavelength spec t r a l  l i n e s  i n  a number 

of higher d i f f r a c t i o n  orders and determination of g ra t ing  e f f i c i ency  

from these ;  t h i s  w a s  shown t o  be a usefu l  method above 1200 A .  Next 

considered was  t he  use of rad ia t ion  emitted from a carbon a rc ,  which 

w a s  of value down t o  1900 A when used with some d i sc re t ion .  

involved method and the  one which holds the  most  promise as an  eventual 

p rac t i ca l  so lu t ion  as a ca l ib ra t ion  standard was the  use of a number 

of pairs of atomic l i n e s  or ig ina t ing  from the  same exci ted l e v e l  and 

The most 

whose r e l a t i v e  i n t e n s i t i e s  could be calculated.  

brat ion poin ts  a t  spec i f ic  wavelengths through the vacuum region and 

This permitted c a l i -  

above. 

The combined use of these th ree  techniques provided a r e l i a b l e  

spec t ra l  response ca l ibra t ion  f o r  t he  spectrometer t h a t  covered t h e  

spec t r a l  region from 3000 t o  1000 A .  

Prior t o  proceeding t o  the  t h i r d  s tage of t he  research pro jec t ,  

the  measurement o f  r e l a t i v e  band i n t e n s i t i e s ,  a photographic survey 

was made of the  LBH system and a number of other  band systems i n  the  

vacuum u l t r a v i o l e t  region t o  i nves t iga t e  su i t ab le  methods of exc i t a t ion  
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and t o  become famil iar ized with the  band systems. In  the  course of 

t h i s  work a number of new bands previously unreported were observed 

i n  the  LBH system and i n  the  CO Fourth Posi t ive system. 

Final ly ,  t he  r e l a t i v e  i n t e n s i t i e s  of 50 of the  s t ronger  bands 

of t he  LBH system were measured using the  instrumentation and the  

ca l ibra t ion  techniques developed f o r  t he  purpose. These represent  

t he  f i r s t  r e l i a b l e  measurements of  i n t e n s i t i e s  of spec t r a l  f ea tu re s  

i n  emission over any extended port ion of t he  vacuum region. 

The band i n t e n s i t i e s  measured show t h a t  over t h e  band system 

the  electronic  t r a n s i t i o n  moment (combined magnetic d ipole  and 

e l e c t r i c  quadrupole) was constant t o  within the  accuracy of t he  

i n t e n s i t y  measurements. The band s t rengths  of the  LBH system a r e  

therefore  d i r e c t l y  proportional t o  the  calculated Franck-Condon 

f ac to r s .  

6.2 General Discussion 

The work described i n  t h i s  t h e s i s  was somewhat hampered by the  

lack  of a grat ing of reasonable qua l i ty ;  t he  i n s t a l l a t i o n  of a new 

grat ing,  recently obtained, with a blaze wavelength a t  1500 A and 

with a MgF2 coating should increase the  s e n s i t i v i t y  of t h e  spectro- 

graph by a f ac to r  of 10 o r  more through the  vacuum region. This w i l l  

make t h e  instrument much more usefu l  f o r  both observations and inten- 

s i t y  measurements of weaker spec t r a l  f ea tu re s  than a r e  now observable. 

This w i l l  a l so  f a c i l i t a t e  ca l ib ra t ion  of t he  instrument,  a s  a number 

of atomic l i n e s  useful  f o r  ca l ib ra t ion  a r e  r e l a t i v e l y  weak. 

. 
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The developnent of usable techniques for calibration purposes 

means that quantitative measurements of emission band intensities 

can now be carried out in the vacuum ultraviolet region. 

are many band systems of astrophysical importance in this spectral 

region and undoubtedly intensity measurements w i l l  be made on a 

number of these in the near future. 

There 

A number of workers are currently investigating absolute inten- 

sity standards in the vacuum region and it is certain that as time 

goes on more complete and more accurate calibration methods will 

become available. 

With specific reference to the LBH system of N2,  there is now 

a need for absolute measurements of absorption intensities so that 

the nppppnf c- ------ relative b a ~ d  st rengths C ~ E  be ~ l i c e c !  cm 2x1 absolute 

scale. 

spectrum, as indicated by the limited information available, points 

out the need for further examination of the vacuum ultraviolet spectrum 

of the aurora by rocket instrumentation. 

The major contribution of the LBH system to the auroral 
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